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Abstract 
 
Extensive research efforts have been devoted to III-nitride based solid-state lighting since 
the first demonstration of high-brightness GaN-based blue light emitting diodes (LEDs). Over the 
past decade, the performance of GaN-based LEDs including external quantum efficiency (EQE), 
wall-plug efficiency, output power and lifetime has been improved significantly while the cost of 
GaN substrate has been reduced drastically. Although the development of blue and near ultraviolet 
(UV) LED is mature, achieving equally excellent performance in other wavelengths based on III-
nitrides is still challenging. Especially, the significant efficiency droop in the green wavelength, 
known as “green gap” and the extremely low EQE in the UV regime, known as “UV threshold”, 
have become two most urgent issues. Green LEDs emit light that is most sensitive to human eye, 
implicating its importance in a variety of applications such as screen- and projection-based 
displays. UV light sources have a variety of applications including water and air purification, 
sterilization/disinfection of medical tools, medical diagnostics, phototherapy, sensing, which make 
solid-state deep UV (DUV) light sources with compactness, low operating power and long lifetime 
highly desirable. The deterioration of performance with green LEDs originates from increased 
indium content of the active region, which could degrade material quality and increase quantum 
confined Stark effect due to the high polarization fields in c-plane InGaN/GaN quantum wells 
(QWs). Meanwhile, limiting factors in III-nitride UV LEDs include low internal quantum 
efficiency due to large densities of dislocations, poor carrier injection efficiency and low light 
extraction efficiency.  
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In this dissertation, we have investigated the molecular beam epitaxial growth, structural 
characterization, and electrical and optical properties of low-dimensional III-nitride nanocrystals 
as potential solutions to above-mentioned issues. Through a combination of theoretical calculation 
and experimental investigation, we show that defects formation in AlN could be precisely 
controlled under N-rich epitaxy condition. With further optimized p-type doping, AlN nanowire-
based LEDs emitting at 210 nm were fabricated. We report DUV excitonic LEDs with the 
incorporation of monolayer GaN with emission wavelengths of ~238 nm, and exhibit suppressed 
Auger recombination, negligible efficiency droop and a small turn on voltage ~5 V. To enhance 
the light extraction efficiency of AlGaN nanowires grown on Si substrate, we demonstrated 
epitaxy of AlGaN nanowires on Al coated Si(001) substrate wherein Al film functions as a UV 
light reflective layer to enhance the light extraction efficiency. AlGaN nanowire-based DUV LEDs 
on Al film were successfully grown and fabricated and measured with a turn-on voltage of 7 V 
and an electroluminescence emission at 288 nm. Green-emitting InGaN/GaN nanowire LEDs on 
Si(001) substrate were demonstrated, wherein the active region and p-contact layer consist of 
InGaN/GaN disks-in-nanowires and Mg-doped GaN epilayers. The incorporation of planar p-GaN 
layer significantly reduces the fabrication complexity of nanowire-based devices and improves the 
robustness of electrical connection, leading to a more stable device operation. We also 
demonstrated micrometer scale InGaN photonic nanocrystal green LEDs with ultra-stable 
operation. The emission features a wavelength of ~548 nm and a spectral linewidth of ~4 nm, 
which is nearly five to ten times narrower than that of conventional InGaN QW LEDs in this 
wavelength range. Significantly, the device performance, in terms of the emission peak and 
spectral linewidth, is nearly invariant with injection current. Work presented in this thesis provides 
  xxv
a new approach for achieving high-performance green and DUV LEDs by using III-nitride 
nanostructures. 
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Chapter 1 Introduction 
1.1 A Brief Overview of Solid-State Lighting 
The pursuit of solid-state lighting originates from human’s demand on artificial light 
sources to continue activity when the sunlight is not available. The history of solid-state lighting 
is more than 140 years old since Edison’s first invention of incandescent light bulb in 1879.[1] As 
is well known, incandescent light bulbs, as shown in Figure 1.1a, emit light through an electrically 
heated filament, which glows light through thermal radiation when reaching extremely high 
temperature (e.g., ~2100 °C). Considering that only the visible part of the radiation is wanted for 
illumination purpose, the efficiency of incandescent light bulb is very low as most of emissions 
are in the infrared regime as shown in Figure 1.1b. In order to address the energy waste and low 
lifetime issues, fluorescent light sources, which generate light through mercury discharge, become 
a prominent technology after 1950s.[2] Despite the higher efficiency and longer lifetime compared 
with incandescent light bulb, fluorescent light sources suffer parasitic energy losses and pose 
potential threat to the environment especially when the mercury is burnt out from the lamp.[2] 
These two issues were addressed with the advent of solid-state light sources, especially in terms 
of light emitting diodes (LEDs) and lasers. For solid-state lighting, the electricity is directly 
converted into desired light emission, which significantly reduces the energy losses on power lines 
and makes solid-state lighting the most energy-efficient and environmental-friendly technology 
over the past decade.  
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The beginning of visible-spectrum LEDs dates back to 1960s with the commercialization 
of GaAsP LED, which emits visible radiation in the red part of the spectrum.[3] Since late 1980s, 
extensive research efforts have focused on potential semiconductors with wider bandgap for next-
generation solid-state lighting. Group II-VI compounds, such as ZnSe, were intensively focused 
on as (Zn, Mg, Cd, Se, S) alloy-crystal systems are lattice-matched with GaAs substrates.[4] 
However, after the emergence of high-brightness GaN-based blue LEDs in 1993,[5] progress in 
solid-state lighting primarily depends on the research development of nitride-based LEDs and 
lasers. 
 
 
 
 
 
 
 
Figure 1.1. (a) 40-watt light bulbs with standard E10, E14 and E27 Edison screw base. (b) Spectral power distribution 
of a 25 W incandescent light bulb.[1] 
Although GaN-based LEDs became widespread in the market shortly after their 
emergence, their external quantum efficiency (EQE) greatly depends on the emission peak 
wavelengths. Figure 1.2 shows EQE values of some state-of-the-art LEDs at different peak 
wavelengths. As can be seen, III-nitride LEDs have EQE of over 80% in the blue regime but the 
efficiency decreases abruptly at wavelengths of 500-600 nm, which is very well-known as the 
“green gap” problem in solid state visible spectrum lighting. The existence of green gap limits the 
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development of next-generation high-resolution and high-efficiency displays, projects, etc. 
Moreover, green LEDs can be used along with red and blue LEDs for RGB color-tunable LED 
systems that allow a broad color space tunability, which is not possible with phosphor-based white 
LEDs. Meanwhile, EQE decreases drastically when the emission wavelength is shorter than the 
corresponding bandgap of GaN (known as the “UV threshold”), which prohibits a wide variety of 
applications for LEDs emitting in the range of 200-350 nm. Therefore, addressing these problems 
in order to realize high-performance LEDs over a wide wavelength range is the ultimate goal for 
researchers of III-nitride-based LEDs and also the focus of this thesis. 
 
 
 
 
 
 
Figure 1.2. Emission efficiency (external quantum efficiency) of LEDs with different wavelengths.[4] 
1.2 Green Gap and Efficiency Droop 
The existence of the “green gap” in solid state lighting could be attributed to two reasons. 
First, (Ga, Al)InP-based LED emits light in the red wavelengths, but it cannot cover the entire 
blue-green-red in visible spectrum due to the bandgap limit of this material system.[3] Secondly, 
although InGaN LEDs could cover any emission wavelength across the visible spectrum through 
varying the In composition, the radiative efficiency of planar InGaN active region decreases 
abruptly with higher In composition. So far, the most used technology for green LEDs is based on 
c-plane InGaN/GaN multi-quantum-well LEDs, as used for blue LEDs but with higher indium 
  4
content in the InGaN quantum wells (QWs).[6] However, these planar nitride-based LEDs suffers 
severe efficiency drop at high injection currents, known as “efficiency droop”. It has been reported 
increasing indium content could lead to decreased material quality and increased quantum 
confined Stark effect (QCSE) due to the high polarization fields in c-plane InGaN/GaN QWs.[6] 
Researchers at Phillips Lumileds proposed that Auger recombination is the root cause behind the 
large efficiency droop in nitride LEDs.[7] Meanwhile, carrier leakage from the active region is 
held accountable for this efficiency droop by some other groups.[8,9]  
1.3 Development of Deep-Ultraviolet LED and Current Key Limiting Factors  
To date, most of the UV light sources are based on mercury lamps, excimer lamps and 
deuterium lamps which have many drawbacks including short lifetime, poor stability, toxicity and 
low efficiency. With the excellent properties including compactness, low operating power and long 
lifetime, deep ultraviolet (DUV) LEDs and laser diodes (LDs) with wavelengths in the range of 
200-350 nm are of great interest for a wide variety of applications. These include water and air 
purification, sterilization/disinfection of medical tools, medical diagnostics, phototherapy, 
polymer curing, and sensing as shown in Figure 1.3.[10-17] Notably, peak wavelength at 265 nm 
in the UV-C band matches well to the absorption spectrum of DNA (deoxyribonucleic acid). In 
the Raman spectroscopy for chemical and biochemical sensing, using lasers with emission 
wavelength below 240 nm not only increases the Raman cross-section by orders of magnitude but 
also greatly eliminates the interference with the fluorescence noise from commonly used 
bio/chemical agents.[18-20] UV light with wavelength ranging from 207-222 nm has been shown 
to inactivate bacteria efficiently without harming the skin of mammal. More specifically, UV light 
of 222 nm can deactivate majority of H1N1 influenza virus in aerosolized form with a small dose 
of 2 mJ/cm2.[21] Group III-nitrides, especially Al(Ga)N, have emerged as the most suitable wide 
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bandgap material for the implementation of DUV LEDs and LDs.[15,17,22] These materials 
feature a wide tunable emission wavelength range covering the entire UV-A (315-400 nm) and 
UV-B (280-315 nm) bands and part of the UV-C (100-280 nm) band with the shortest available 
wavelength of 210 nm with this material system. In addition to the continuously tunable band gap, 
group III-nitrides have the advantage of some robust physical properties such as high melting 
point, high thermal conductivity, high mechanical strength, and most importantly, the possibility 
to achieve both n- and p-type conductivity which is essential for diode fabrication.[15,23-26]  
Figure 1.3. Applications of UV (200-400 nm) LEDs.[27] 
Over the past decade, extensive research efforts have been dedicated into the development 
of group III-nitrides-based DUV optoelectronics and recently, due to improvements in the 
crystalline quality of AlN and high Al-molar fraction AlGaN layers, and the optimization of p-
type doping in AlGaN and LED structure design, the EQE and output power of AlGaN-based DUV 
LEDs have increased significantly. An EQE of over 3% and output power of over 1 mW have been 
reported at 10 mA continuous current injection in a flip-chip DUV LEDs with emission 
wavelengths between 255 nm and 280 nm in 2010.[28] In 2011, a reasonably high IQE near 70% 
and EQE of 1.3% at 100 mA continuous wave (CW) current injection with emission wavelength 
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of 260 nm from psuedomorphic UV LEDs on high quality AlN substrate was reported.[29] A 
maximum EQE of 10.4% at 20 mA CW injection with an output power of 9.3 mW for 278 nm 
DUV LEDs was achieved through migration-enhanced metal organic chemical vapor deposition 
to reduce the threading dislocations (TDs) and utilizing a transparent p-type conduction layer, UV 
reflecting ohmic contacts, and optimized chip encapsulation.[14] Recently, Pandey et al. reported 
AlGaN/GaN/AlGaN tunnel junction LEDs with maximum EQE of 11% at 265 nm emission 
wavelength.[30] However, compared with the excellent performance achieved in group III-nitride-
based LEDs operating at the near UV and blue ranges, the efficiency of DUV LEDs is still rather 
modest.[11,22] Moreover, EQE decreases drastically with decreasing wavelength in the DUV 
regime. For emission wavelengths below 250 nm, the EQE is only on the order of 0.1% or 0.01%. 
There are mainly three factors responsible for the reduced performance for devices emitting in the 
DUV wavelength region.  
1.3.1 The Unavailability of Low-Cost, Lattice and Thermal Expansion Coefficient-Matched 
and Transparent Substrate Materials 
An ideal substrate for the epitaxy of AlGaN-based UV LEDs needs to satisfy several 
requirements including similar symmetry and closely matched lattice constants, similar thermal 
expansion coefficient, high thermal conductivity and optical transparency.[11,16] Silicon substrate 
has the advantages of low cost, large wafer size, high crystalline quality, good electrical 
conductivity, and feasibility of its removal through chemical etching. However, the large mismatch 
in lattice constant and thermal expansion coefficient between III-nitrides and silicon leads to 
excessive tensile strain, resulting in high densities of cracks and dislocations in DUV LED 
structures.[31] Both 6H-Slicon carbide (SiC) and 4H-SiC exhibit much smaller lattice and thermal 
misfit with III-nitrides.[32] They also have the advantages of good chemical stability, high 
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electrical and thermal conductivity, but relatively high cost compared with sapphire and silicon 
substrates. As shown in Figure 1.4a, GaN substrates have a low lattice mismatch with the AlGaN-
based heterostructures grown on them (between 0-24% depending on Al-molar fraction) and 
excellent physical properties such as high thermal conductivity and mechanical strength. However, 
for DUV LEDs, GaN has the drawbacks of generation of tensile strain in the AlGaN epilayers with 
high Al-molar fraction and light absorption and high cost.[11] Moreover, if Si, SiC and GaN 
substrates are used, it is generally required that the substrates being selectively removed during 
fabrication of back-emitting DUV LEDs.[11] Sapphire substrate, with its low cost, high 
transparency and close lattice symmetry as III-nitrides, has been widely utilized for the 
development of DUV LEDs.[11,15] With low-temperature AlN grown on sapphire substrate as a 
buffer layer, TD density of subsequently grown AlGaN heterostructures is typically >1010 cm-2. 
Figure 1.4b shows the cross-sectional transmission electron microscopy (TEM) images showing 
the propagation of the TDs into AlGaN layer. This is detrimental in that a relatively high IQE of 
DUV LEDs (above 50%) requires a TD density lower than 109 cm-2 as shown in Figure 1.4c.[11] 
 
Figure 1.4. (a) Bandgap energies and emission wavelength of InN, GaN, AlN and other III-V and II-VI compound 
semiconductor materials plotted versus their lattice spacing.[27] (b) Cross-sectional TEM micrograph revealing the 
behavior of TDs (c) IQE vs. DD under weak excitation with carrier density of 1×1018 cm-3 in an underlying layer.[11] 
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1.3.2 Low p-Type Conductivity in High Al-molar Fraction AlGaN 
The p-type conductivity within the AlGaN DUV LEDs strongly affects the device 
performance. The typical hole concentration of p-AlGaN with high Al content (Al > 60%) is as 
low as 1014 cm-3,[11,13] which could be attributed to the severe self-compensation by donor-like 
defects that are produced simultaneously, limited dopant solubility, and increasingly high acceptor 
activation energy of Mg dopant with increasing Al molar fraction.[10,11] The activation energy 
reaches ~400 meV for an Al fraction of ~70%, and is as high as 510-630 meV for AlN, as shown 
in Figure 1.5a.[11] The low p-type conductivity directly leads to high resistivity and high turn-on 
voltage of DUV LEDs, such that the turn-on voltage of AlN p-i-n diodes is larger than 20 V as 
shown in Figure 1.5b. Electron injection efficiency (EIE) of a DUV LED is reduced owing to the 
leakage of electrons to the p-side layers.[11,13] Therefore, numerous efforts have been undertaken 
to mitigate compensation by decreasing donor defects and increasing solubility of the dopants due 
to the large activation energy of Mg acceptors, which results in poor hole injection and also 
detrimental overflow from the active region.[11] 
 
Figure 1.5. (a) Mg activation energy in AlGaN as a function of Al content.[11] (b) I-V characteristics of AlN LEDs. 
The inset shows the semilogarithmic scale plot.[33]  
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1.3.3. Low Light Extraction Efficiency Caused by Strong Total Internal Reflection and 
Self-Absorption 
As is well known, extensive of progresses in III-nitride-based LEDs were achieved after 
the realization of efficient p-type doping in GaN. However, non-transparent p-GaN for emission 
wavelengths below 365 nm leads to significant self-absorption and a very low light extraction 
efficiency (LEE) of DUV LEDs.[11] The large valence band offset between p-type GaN and high 
Al composition p-AlGaN electron blocking layer prevents efficient hole carrier injection.[11] 
Moreover, when the Al composition in the AlGaN active region exceeds ~68%, the crystal split-
off (CH) subband is positioned at the top of the valence band as shown in Figure 1.5a. The 
transition between conduction band and CH subband leads to transverse-magnetic (TM) emission 
with the electrical field polarized along the c-axis, which results in a dominant in-plane 
propagation within the LED device as shown in Figure 1.5b. In order to improve the LEE, series 
of methods including transparent p-AlGaN contact layer, photonic structure for vertical light-
propagation and p-type electrode with high reflectivity have been studied.[34-36]  
 
Figure 1.6. (a) Calculated band structure near the Γ point of wurtzite AlN.[37] (b) Schematic of the hindered extraction 
of TM polarized light from the epilayer structures.[38] 
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1.4 Advantages of Nanocrystals over Traditional Planar Layers 
Nanocrystals, taking the form of nanowires and nanorods, are one-dimensional 
nanostructures with diameters ranging from tens of nm to a few hundred nm. Due to the efficient 
lateral strain relaxation related with the large surface to volume ratio, III-nitride nanocrystals 
feature significantly reduced dislocation density and piezoelectric polarization field compared with 
conventional planar epilayer structure.[10,17] In addition, recent studies have shown that nearly 
defect-free III-nitride nanowires can be grown virtually on any substrates. The versatility and 
reduced dimensions have enabled III-nitride nanocrystals as a new avenue to achieve high-
performance optoelectronics.  
1.4.1 Reduced Defect Density in Active Region 
The growth of nanowires are fairly independent of substrates lattice constant due to their 
one-dimensional structure which is strain relaxed.[10,39,40] Figure 1.7a shows the SEM image of 
InGaN/GaN nanowires spontaneously grown on Si substrate. Moreover, the grown nanowires 
usually have better crystalline quality and optical properties as compared with their planar 
counterparts grown on lattice mismatched substrate.[10,41] This can be mainly attributed to that 
the TDs from the substrate will terminate at the sidewall of the grown nanowire as shown in Figure 
1.7b, which significantly reduces the defects density, such as TDs and stacking faults (SFs), inside 
the active region and thereby enhancing the IQE.[10,42-44] Thus, a defect-assisted Auger 
recombination process, which could cause significant efficiency droop in planar InGaN materials 
could be minimized in InGaN/GaN nanowire structure. Moreover, nanowire structure can mitigate 
the polarization field inside the active region through effective strain relaxation. A polarization 
field of several hundred kV/cm could be obtained in nanowire structure compared with several 
MV/cm which is common in planar blue QW LEDs.[45] Such low polarization field not only 
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enhances the overlap between electrons and holes but also enable higher In composition InGaN 
quantum disks to be inserted in the nanowire.[10,17,46] The diameter and spacing of nanowires 
can also be controlled by selective area growth as shown in Figure 1.7c.  
 
Figure 1.7. (a) A bird’s view SEM image of InGaN/GaN nanowires grown on Si substrate. (b) A side view TEM 
image shows the termination of TDs toward the sidewall of nanowire.[47] (c) A bird’s view SEM image of 
InGaN/GaN nanowires grown on GaN substrate. The dimeter and spacing of the nanowire array are controlled by 
selective area growth.  
1.4.2 Enhanced Mg Incorporation and Hole Concentration 
Significantly enhanced Mg dopant incorporation was also observed in AlGaN nanowires, 
and the free hole concentration was measured in the range of 1×1016 cm-3 for Mg doped AlN 
nanowires at room temperature, which is orders of magnitude higher than previously reported 
values (~1×1012 cm-3) in Mg-doped epilayers.[48,49] Detailed first-principle calculation suggests 
that the Al-substitutional Mg formation energy at the surface is much lower compared with the 
bulk region positions due to strain relaxation as shown in Figure 1.8a and Figure 1.8b. Therefore, 
nanowires have much lower Mg formation energy and therefore much higher Mg concentration 
than bulk material. The expected Mg concentration inside AlN nanowires could reach as high as 
1020 cm-3. Because the Mg concentration can be very high, Mg energy levels are no longer discrete 
but rather become broadened impurity band as shown in Figure 1.8c. Consequently, Mg levels that 
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are closer to the valence band will have a much lower activation energy which further increases 
hole concentration in AlN nanowire. Also hole carriers can transport inside the Mg-impurity band 
through hopping effect which further improve the electrical conductivity.[48,49] 
Figure 1.8. (a) Illustration of the AlN structure used for Ab initio calculation.[50] (b) Calculated Mg formation energy 
of different positions as indicated in (a).[50] (c) Schematic showing reduced Mg activation energy and hole hopping 
effect.[51] 
1.4.3 Enhanced UV Light Extraction Through Scattering Effect 
Nanowires-based device benefits from the high material quality and the large surface to 
volume ratio which makes it easier to extract light.[10,52] This is particularly important in Al-rich 
DUV LEDs where the TM polarized emission dominates.[11,53,54] It was found that in certain 
nanowire diameter and spacing ranges, due to the multiple light coupling and scattering process 
among nanowires, the dominant light emission can be from the nanowire top surface, despite the 
light is TM polarized, providing a new approach to efficiently extract TM-polarized light from 
AlN LEDs as shown in Figure 1.9. Detailed finite-differential-time-domain (FDTD) simulation 
shows for devices with large nanowire diameter and small spacing, the light extraction is more 
efficient from the side, which is similar to that of conventional c-plane planar devices. As the 
spacing increases, light can also escape from the top surface, which can be mainly attributed to 
that both the coupling to and scattering from adjacent nanowires occur at the same time.  
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Figure 1.9. Schematic of TM polarized light propagation in AlN nanowire LED.[52] 
1.5 Current Status of Nanocrystals-Based LEDs and LDs 
Nanocrystals-based LEDs and lasers have attracted a wide range of research interests 
dedicated to improving the device performance including wavelength tunability, EQE, wall-plug 
efficiency, output power, etc. In 2010, Guo et al. first reported wavelength tuning from ultraviolet 
to red through varying In composition in InGaN/GaN nanowire and achieved white emission 
LEDs.[55] Nguyen et al. further demonstrated controlling electron overflow in InGaN LEDs by 
using p-AlGaN electron blocking layer and obtained nearly zero efficiency droop at injection 
current up to ~2200 A/cm2.[56] By using selective area epitaxy, Ra et al. demonstrated single 
nanowire LEDs with emission wavelengths covering nearly the entire visible range through 
varying nanowire diameters.[57] Regarding nanowire-based LEDs operating in the UV range, 
Zhao et al. conducted a comprehensive growth study and demonstrated DUV LEDs with emission 
wavelengths tuned from 236 nm to 280 nm by simply changing the substrate temperatures when 
growing AlGaN nanowire at low nitrogen flow rate.[39] Sadaf et al. demonstrated, through 
incorporating Al tunnel junction, nanowire-based UV LEDs emitting at ~280 nm could achieve an 
output power >8 mW and a peak external quantum efficiency ∼0.4%, which are nearly one to two 
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orders of magnitude higher than previously reported AlGaN nanowire UV LEDs. AlN nanowire 
LEDs emitting at 210 nm were first demonstrated by Zhao et al.,[50] while the following work 
showed that the light emissions from AlN LEDs are predominantly from the nanowire top surface, 
as a results of strong light scattering effect within the nanowire array.[52] 
An electrically pumped nanowire array green edge-emitting LDs were firstly demonstrated 
by Frost et al. by fabricating ridge waveguide structure from monolithically grown InGaN/GaN 
nanowire array on Si substrate.[45] Ra et al. demonstrated surface-emitting InGaN/AlGaN 
nanocrystals-based LDs emitting at ~523 nm with threshold current of ~400 A/cm2 by operating 
the LDs at photonic band edge modes.[58] After the first demonstration of AlGaN nanowire-based 
LDs with 334 nm lasing peak by using Anderson localization,[59] Zhao et al. demonstrated 
nanowire-based LDs operating at 289 nm, 262 nm and 239 nm while the lasing thresholds are 2-3 
orders of magnitude smaller than the conventional GaN-based UV lasers.[46,60,61] AlGaN 
nanocrystals-based LDs with 369.5 nm lasing wavelength and threshold current of 2.1 kA/cm2 
were demonstrated by employing topological high-Q resonance of a defect-free nanowire photonic 
crystal.[62] 
1.6 Overview of the Dissertation 
The focus of this dissertation research is on the molecular beam epitaxial (MBE) growth 
of InGaN and Al(Ga)N nanocrystals and their applications towards high efficiency green and DUV 
LEDs.  
Chapter I introduces the background and development of solid-state light sources with an 
emphasis on the remaining challenges, including the green gap and efficiency droop in green LEDs 
and the extremely low EQE in DUV LEDs. Key factors that limit the device performance including 
dislocation density, doping efficiency and LEE were discussed. Then, in comparison with its 
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planar counterpart, the advantages of using III-nitride nanocrystals were introduced. Especially, 
the low dislocation density, significantly improved p-type doping and enhanced LEE have enabled 
III-nitride nanowires as the potential solution for achieving high-performance green and DUV 
LEDs.  
Chapter II first introduces the unique features of molecular beam epitaxy system such as 
ultrahigh vacuum and abrupt shutter control for pristine interface. Then, the processes of two major 
nanocrystals synthesis techniques used in this thesis, namely spontaneous formation and selective 
area epitaxy, were discussed. Several advanced techniques for material characterizations used in 
this thesis were also briefly discussed. 
Chapter III reports a detailed investigation on the effect of nitrogen flow rate, substrate 
temperature and Mg beam equivalent pressure (BEP) on defect formation and Mg incorporation 
in p-type doped AlN nanowires. Detailed theoretical study in combination with DUV 
photoluminescence (PL) spectroscopy provide a vital route for synthesizing high quality p-AlN 
nanowires with enhanced Mg-related transitions by utilizing N-rich epitaxy. AlN nanowire LEDs 
were grown and fabricated. Detailed analysis of the current-voltage characteristics of AlN p-i-n 
diodes suggests that current conduction is dominated by charge-carrier tunneling at room 
temperature, which is directly related to the activation energy of Mg dopants.  
Chapter IV presents molecular beam epitaxy and characterization of DUV LEDs with 
monolayer GaN as active region. Detailed optical measurements and direct correlation with density 
functional and many-body perturbation theory suggest that charge carrier recombination occurs 
predominantly via excitons in the extremely confined monolayer GaN/AlN heterostructures. We 
have further demonstrated DUV LEDs incorporating single monolayer and double monolayer 
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GaN, which emit DUV light at ~238 nm and 270 nm, respectively. These unique DUV LEDs 
exhibit highly stable emission, negligible efficiency droop, and a small turn on voltage ~5 V. 
Chapter V demonstrates a novel strategy using AlGaN nanowire grown on Al film for high 
efficiency DUV emission with significantly improved performance. Monolithically integrated 
AlGaN nanowire arrays on Al coated Si substrate and DUV LEDs with emission wavelengths 
ranging from 280-320 nm have been achieved. To our best knowledge, it is the first demonstration 
of metal nitride nanostructures grown on Al substrate. The Al film underneath the grown AlGaN 
serves as an efficient DUV light reflector. Moreover, an Al rich AlGaN shell forms surrounding 
the grown nanowires which reduces the nonradiative surface recombination and further enhances 
the radiative light emission efficiency.  
In Chapter VI, we show that a nanowire coalescence approach of Mg-doped GaN 
monolithically integrated on Si(001) substrate. The incorporation of planar p-GaN contact layer 
significantly reduces the fabrication complexity of nanowire array-based devices. Controlled p-
type conduction is further achieved for Mg-doped GaN epilayers, which contributes to forming a 
more robust electrical connection with the metal contact. We also demonstrated functional 
InGaN/GaN LEDs on Si(001) substrate, wherein the active region and p-contact layer consist of 
InGaN/GaN disks-in-nanowires and Mg-doped GaN epilayers. 
In Chapter VII, we demonstrated micrometer scale InGaN green LEDs with ultra-stable 
operation. InGaN photonic nanocrystal LEDs with green emission wavelength (~548 nm) exhibit 
a spectral linewidth ~4 nm, which is nearly five to ten times narrower than that of conventional 
InGaN QW LEDs in this wavelength range. Significantly, the device performance, in terms of the 
emission peak and spectral linewidth, is nearly invariant with injection current. 
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In Chapter VIII, we summarize the main results achieved in previous chapters with a 
highlight on performance improvement of green and UV LEDs by using III-nitride nanocrystals. 
Some related future work were also proposed. The first work is based on some preliminary results 
on the optical design of the two-dimensional nanocrystals photonic crystal surface-emitting laser 
and further study the wavelength tuning of AlGaN grown by selective area epitaxy and subsequent 
device fabrication process. The second work focuses on developing UV single photon source 
through incorporating monolayer GaN in N-polar Al(Ga)N nanowires grown by selective area 
epitaxy.  
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Chapter 2 Molecular Beam Epitaxy and Characterization of III-Nitride 
Nanocrystals 
2.1 Introduction 
Molecular beam epitaxy has been widely used for the growth/synthesis of high-purity, 
high-quality semiconductor nanostructures, with atomic level control of the interface and 
thickness.[63] Compared to conventional metal-organic chemical vapor deposition (MOCVD) 
technique, molecular beam epitaxy offers advantages of abrupt doping profile and pristine 
interface for heterostructures.[64] Moreover, the high vacuum during material synthesis can 
significantly reduce undesired impurity incorporation. The relatively low growth temperature can 
also enhance indium incorporation. The simple chemistry in the growth process is also ideally 
suited for the epitaxy of Al-rich rich materials that have been difficult for conventional MOCVD 
process. In this chapter, we first provide an overview of the MBE systems to grow low-dimensional 
III-nitride nanostructures, then discuss the state-of-the-art techniques used for charactering crystal 
structures and optical properties.  
2.2 Overview of Plasma-Assisted Molecular Beam Epitaxy 
Molecular beam epitaxy distinctly differs from other material growth/deposition system 
due to its precise flux control for atomic layer growth and abrupt doping profiles.[64] MBE growth 
has been utilized in various materials systems, including III-nitride, III-V, and II-VI materials. The 
system discussed and used in this dissertation is a nitrogen plasma-assisted epitaxy system as 
shown in Figure 2.1. Ultra-high vacuum conditions are maintained with a background vacuum 
level on the order of 1×10-11 Torr. This ensures epitaxially grown materials have far superior 
optical and electrical properties than previously used vacuum evaporation techniques. Unlike other 
vacuum evaporation techniques, the substrate heater can be heated to high temperatures (~1000 
°C) which is ideal for the epitaxy of large bandgap (e.g., AlN and GaN) materials. Typically, liquid 
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nitrogen is used to ensure efficient heat dissipation, and some source cells are cooled with chilled 
water. The MBE used in this dissertation was equipped with different source effusion cells for 
gallium (Ga), indium (In), aluminum (Al), and nitrogen (N), wherein a nitrogen plasma is derived 
from an ultra-purity (6N) nitrogen source. In addition, different dopant cells are integrated for n-
type doping by silicon (Si) or germanium (Ge) and p-type doping by magnesium (Mg). 
 
 
 
 
 
 
 
 
 
Figure 2.1. Veeco GEN II PAMBE epitaxial system These MBE systems are capable of growing various types of 
materials. Even within the same material system, there is a considerable amount of diversity regarding structural 
characteristics. As an example, MBE can epitaxially grow different quantum structures like QWs, nanowires or 
quantum dots. Each of such nanostructures has unique structural characteristics even if all of them are III-nitride-
based.  
2.2.1 Spontaneously Grown III-Nitride Nanowires 
III-nitride nanowire ensembles that grown spontaneously on foreign substrates have 
attracted extensive research interests.[65-70] This technique is typically based on commercially 
available substrates such as Si, Al2O3(001) and bulk metals, making this approach cost-effective 
and simpler in terms of substrate preparation. A prominent example is the spontaneous formation 
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of GaN nanowires on Si substrate in PAMBE, where dense arrays of single crystalline nanowires 
form on crystalline as well as amorphous substrates.[71] The growth process can be generally 
identified as three stages. During the first stage, the impinging Ga flux is fully desorbed, resulting 
in a negligible Ga incorporation. This stage is known in the literature as the incubation period, 
during which stable GaN nuclei have not been yet formed on the substrate. The second stage starts 
with the appearance of GaN-related spots in the RHEED pattern, which signals the formation of 
stable GaN nuclei. Previous reports have identified these nuclei as spherical cap-shaped three-
dimensional islands with critical radius of ~5 nm. Once these nuclei were formed, the subsequent 
growth will transform the shape toward the final nanowire-like morphology. In the last stage, the 
nanowires elongate along the c-axis. The average diameter of spontaneously grown nanowires 
depends on the ratio between the impinging Ga and N fluxes.[72] Due to the randomness in the 
location of nucleation and size of nuclei, the diameter and spacing vary among the self-assembled 
nanowires as well as the in-plane crystallinity. Therefore, coalescence is an intrinsic characteristic 
of the self-assembled nanowires, which could lead to formation of SFs and edge dislocations as 
reported previously.[73]  
2.2.2 Selective Area Epitaxy of III-Nitride Nanocrystals 
To overcome the fundamental limitations of spontaneously grown nanowires, selective 
area epitaxy (SAE) has been developed to achieve precise control on the positioning and size of 
nanocrystals.[57,58] This technique typically involves covering the epitaxial substrate with 
dielectric masks, such as SiN and SiO2, or metallic masks such as Al, Ti and Mo, which are 
patterned by photo-lithography or e-beam lithography depending on the required 
dimensionality.[57,58,74,75] Figures 2.2a, 2.2b show scanning electron microscope (SEM) 
images of a patterned Ti mask on the surface of GaN epilayer. SAE could be achieved due to a 
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higher nucleation probability inside the hole openings, e.g., on the surface of GaN epilayer, 
compared with on the surface of the mask. Figures 2.2c and 2.2d show the SEM images of 
nanocrystals with hexagonal cross section grown inside the hole openings. The improved 
uniformity in nanocrystal morphology significantly enhanced the reproducibility and reliability of 
nanocrystal-based optoelectronic devices. In addition, arrayed nanocrystals grown by SAE could 
form a photonic crystal cavity, wherein desired photonic properties can be achieved through 
varying the design of lattice constant and spacing of the nanocrystals array. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. (a) Low-magnification SEM image showing Ti masked fabricated on top of GaN epilayer. (b) Magnified 
SEM image of the region outlined in (a) shows arrayed hexagonal holes. (c) 45º tilted view and (d) top view of GaN 
nanocrystals grown by SAE. Scale bars: 250 nm. 
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2.3 Characterization Techniques 
2.3.1 Photoluminescence 
PL spectroscopy is the measurement of light emission from semiconductor materials after 
photo-excitation process, which has been widely used to estimate the energy gap of semiconductor 
materials.[76,77] In this dissertation, room-temperature PL measurements were widely used to 
estimate the material quality and In/Al composition in nanowire. In addition, PL characterization 
was used to identify the shallow impurities in semiconductors, wherein the peak positions and 
linewidths of different peaks indicate the material crystallinity, defects density and interface 
quality. Time-resolved PL was used performed to give information about the separation and 
recombination of photoinduced charge carriers, as PL essentially originates from the electron-hole 
recombination. 
Group III-nitride semiconductors have been intensively studied in electronic and 
optoelectronic devices due to the unique energy band structures. The direct bandgap of ternary 
alloys, such as AlGaN, can be estimated by using Vegard’s law as described by Eqn. (2-1). 
𝐸௚(𝐴𝑙௫𝐺𝑎ଵି௫𝑁) = 𝑥 · 𝐸௚(𝐴𝑙𝑁) + (1 − 𝑥) · 𝐸௚(𝐴𝑙𝑁) − 𝑏 · 𝑥 · (1 − 𝑥)                     (2-1) 
where b is the bowing parameter and its value typically varies between 1.3 and 1.4.[39] Al 
compositions can be derived by using Eqn. (2-1), wherein the energy gap of AlGaN nanowires 
was estimated from the PL measurements.[39]  
2.3.2 X-ray Diffraction 
Understanding the structural characteristics of these III-nitride nanowires is vital to using 
them to demonstrate state-of-the-art optoelectronic devices. X-ray diffraction (XRD) has been 
performed to help determine the crystalline orientation of the as-grown nanocrystals on foreign 
substrates. XRD measurements were made using Cu Kα radiation in a Bruker-AXS D8-Discover 
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diffractometer operated at 40 kV and 40 mA. III-nitride nanowires usually grow along the c-axis 
which is perpendicular to the substrate. For nanowires with different alloy composition, the 
characteristic peak positions are different in XRD spectrum. For example, GaN (0002) peak is 
located at 34.6 degrees while the AlN peak position is around 36 degrees. Therefore, the AlGaN 
(0002) peak position is between 34.6 and 36 degrees.  
2.3.3 Scanning Electron Microscopy 
During SEM characterization, a high-energy electron beam (1-40 keV) is interacting the 
sample surface to produce secondary electrons, backscattered electrons, and characteristic X-rays 
for analysis in SEM.[78] Therefore, SEM can image structural morphology and determine 
elemental compositions, with tunable magnification up to 1000 K, corresponding nanometer 
resolution. During the SEM characterization, nanowire samples were placed at a 0° and a 45° angle 
mount in order to obtain top view and bird’s view SEM images, respectively.  
2.3.4 Transmission Electron Microscopy 
TEM has been used to characterize the materials at ultrahigh spatial resolution for 
morphology, elemental distribution, crystal structure, defects, etc. Ultrahigh energy (200-300 keV) 
electron beam pass through very thin sample specimen and forms images. Conventional TEM 
using a broad electron beam and scanning transmission electron microscopy (STEM) using a 
focused electron spot are the two generally used mode for material characterization at atomic 
microscope. High angle annually dark field (HAADF) STEM imaging collects incoherently 
scattered electrons at high angles, providing unique contrast which is sensitive to the atomic 
number or specimen thickness. In this dissertation, HAADF-STEM is mostly used to determine 
the heterojunction, interface roughness, and morphology of III-nitride nanowires. 
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2.4 Electrical Measurements and LED Output Power Measurements  
2.4.1 Current-Voltage Characteristics and Hall measurements 
In order to achieve high performance green and DUV LEDs, the material quality and 
doping profile of the LED diode are paramount. I-V characteristic measurements provide a direct 
estimate on the diode performance. A direct current (DC) voltage source with its positive terminal 
connected to the p-type contact of the LED and with its negative terminal connected to the n-type 
contact of the material. For III-nitride nanowires grown on Si substrate, the n contact is usually the 
backside of Si substrate which has a Ti(80 nm)/Au(20 nm) coating and bonded to an aluminum 
plate using conductive epoxy. In the meanwhile, the p-contact is usually the top metal deposited 
by tilted-angle metal deposition. Hall measurements were performed at room temperature on the 
p-GaN film using van der Pauw patterns. 
2.4.2 Nanocrystals-based LED Light Output Power Measurement 
Due to the strong scattering effects inside the nanocrystal arrays, III-nitride nanocrystals-
based LEDs have dominant top emission. Therefore, in this measurement, we put a visible/UV-
enhanced detector on top of the light-emitting devices. The detector is mounted to a three-
dimensional manipulator which enables the precise position control of the wand detector so that 
the measured devices (with sizes ranging from 300 µm×300 µm to 1 mm×1 mm) are centered to 
the detecting window which has a size of 1.5 cm×1.5 cm. It is worthwhile mentioning that this 
measurement limits the detection of emitted photons. For more accurate power measurements, an 
integration sphere is required.  
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2.5 Summary  
This chapter provides an overview of the molecular beam epitaxy system, with unique 
advantages including abrupt doping profile and pristine interface for heterostructures. State-of-the-
art characterization techniques, e.g., PL, SEM, XRD, STEM were reviewed for characterizing the 
energy band structure, crystalline structure, and optical properties of low-dimensional III-nitride 
nanocrystals. In the last part, we described the electrical measurement of the fabricated 
nanocrystals-based LEDs and the methods for light output power measurements. 
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Chapter 3 Controlling Defect Formation of Nanoscale AlN: Towards Efficient 
Current Conduction of Ultrawide-Bandgap Semiconductors 
3.1 Author Contribution and Copyright Disclaimers 
The contents of this chapter were submitted to Advanced Electronic Materials in April 
2020, for which I retain the right to include it in this thesis/dissertation, provided this 
thesis/dissertation is not published commercially. The co-authors were David A. Laleyan, Zihao 
Deng, Chihyo Ahn, Anthony F. Aiello, Ayush Pandey, Xianhe Liu, Ping Wang, Kai Sun, Elaheh 
Ahmadi, Yi Sun, Mackillo Kira, Pallab K. Bhattacharya, Emmanouil Kioupakis, and Zetian Mi 
from the University of Michigan. I designed, conducted and authored most of the work. D. A. L., 
C. A. and P. W. contributed to the material growth process. Z. D. conducted the first-principles 
density functional theory calculations under supervision of E. K. A. A. conducted TRPL 
measurements under supervision of P. B. K. S. contributed to STEM characterization. D. A. L and 
X. L. contributed to the EL measurements. A. P. and Y. S. contributed to device fabrication. E. A. 
contributed to the electrical calculations. The work was supervised by Z. M., who contributed to 
the design of the experiments with E. K., M. K., E.A. and P. B. as part of a collaboration. The 
work was supported by US Army Research Office under Contract W911NF-17-1-0109, University 
of Michigan College of Engineering Blue Sky Research Program, University of Michigan 
Rackham Graduate Student Research Grants, NSF grant #DMR-0723032 (for the JEOL JEM 
3100R05 AEM), and the technical support from the Michigan Center for Materials 
Characterization. 
3.2 Introduction 
Ultrawide-bandgap semiconductors, including AlN, BN, and diamond, are critical for 
applications in next-generation high-power, high-frequency electronics, UV optoelectronics, high-
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power photonics, and quantum devices and systems.[33,63,79-86] Progress in these fields, 
however, has been severely limited by the lack of scalable substrate, the presence of large densities 
of defects, and the extremely poor current conduction.[10,80,87] Moreover, it has remained 
challenging to achieve a precise control of impurity incorporation and defect formation in these 
ultrawide-bandgap semiconductors, severely limiting their structural, electronic, optical, and 
quantum properties. For example, free hole concentrations of AlN, the material of choice of high-
efficiency UV LEDs for water purification and disinfection, can only be measured at ~1010 cm-3 
level at room temperature for epilayer structures,[33,88,89] which is more than seven orders of 
magnitude lower than what is commonly required (~1017 – 1019 cm-3) for practical optoelectronic 
and electronic devices. Magnesium (Mg), the common p-type dopant of III-nitrides, has a 
prohibitively large activation energy EA for AlN,[88,90] schematically shown in Figure 3.1a, 
which results in negligible doping efficiency at room temperature. Moreover, during the epitaxy 
of Mg-doped AlN, the Fermi level is shifted towards the valence band edge,[91] significantly 
reducing the formation energy for nitrogen-vacancy as well as donor-like point defect and impurity 
incorporation, shown in Figure 3.1a, which compensates the presence of free holes[92,93] and 
further introduces various defect-related emissions.[89,90] Illustrated in Figure 3.1b is the 
calculated formation energy for N-vacancy, Al-vacancy, and Al-substitutional Mg dopant 
incorporation, as a function of Fermi level of AlN. Detailed theoretical calculation process is 
described in the Appendix A. Sec. 1. 
Here we show, both theoretically and experimentally, that such fundamental material issues 
of AlN can be potentially addressed through nonequilibrium epitaxy of nanostructures. 
Dislocation-free semiconductor nanostructures not only enhance the performance and 
functionality of electronic, photonic, and quantum devices and systems, but also open a new 
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paradigm for controlling the formation of defects and impurity incorporation.[50,55,94-97] During 
the epitaxy of N-polar AlN nanostructures, N-rich conditions are commonly used.[50,52,80] 
Illustrated in Figure 3.1c, the formation energy of N-vacancy related defects can be increased by 
nearly 3 eV under N-rich epitaxy condition, compared to conventional N-poor condition, thereby 
suppressing N-vacancy related defect formation. Moreover, the formation energy for Al-
substitutional Mg-dopant incorporation is drastically reduced by ~2 eV under N-rich epitaxy, 
shown in Figure 3.1c, which can significantly enhance Mg-dopant incorporation. Experimentally, 
we have studied optical properties of Mg-doped AlN nanostructures by DUV PL spectroscopy and 
their dependence on epitaxy conditions. Power-dependent and time-resolved PL measurements 
suggest that Mg-acceptor-related optical emission originates from transitions between the 
conduction band and Mg impurity levels, rather than donor-acceptor-pair (DAP) related emission 
measured in conventional AlN epilayers, indicating suppressed N-vacancy-related defect 
formation. Detailed current-voltage characteristics analysis of AlN p-i-n diodes suggests that 
current conduction is dominated by charge-carrier (hole) tunneling at room temperature, with the 
characteristic tunneling energy determined by the activation energy of the Mg dopant. The 
dispersion of Mg acceptor levels at very high concentrations leads to drastically reduced activation 
energy for a portion of Mg dopants, evidenced by a reduction of the characteristic tunneling energy 
from 364 meV to 67 meV. These studies provide a path for achieving efficient current conduction 
of AlN that is relevant for a broad range of DUV optoelectronic devices, including LEDs, lasers, 
photodetectors, modulators, as well as high-power and as high-frequency transistors. 
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Figure 3.1. (a) Illustration of various transitions in Mg-doped AlN that involve conduction band (CB), valence band 
(VB), Mg acceptors, Al-vacancy, and N-vacancy related defects. (b, c) Formation energies as a function of Fermi level 
for the nitrogen vacancy VN, aluminum vacancy VAl, and Al-substitutional Mg under N-poor and N-rich conditions. 
Fermi level is set to zero at the valence band maximum. A lower formation energy indicates a high equilibrium 
concentration of the defects. The formation energy of N-vacancy related defects is increased by nearly 3 eV under N-
rich epitaxy condition, compared to conventional N-poor condition, and the formation energy for Al-substitutional 
Mg-dopant incorporation is decreased by ~2 eV under N-rich epitaxy. 
3.2 Molecular Beam Epitaxy and Characterization of AlN Nanowires 
In this work, AlN nanostructures were grown on n-type Si wafer using a Veeco GEN II 
molecular beam epitaxy system equipped with a radio frequency plasma-assisted nitrogen source. 
Shown in Figure 3.2a is the SEM image. The grown nanowires have an average diameter of 50 nm 
and density of 1.5×1010 cm-2, with an estimated filling factor of ~30%. Listed in Table 3.1, AlN 
samples were grown under different conditions by varying N2 flow rate, substrate temperature and 
Mg flux measured as BEP. The detailed growth process is described in the Appendix A. Sec. 2. 
All the samples were grown under N-rich epitaxy conditions and are largely free of dislocations 
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and SFs (see Figure A2). For comparison, conventional AlN epilayers generally exhibit poor 
structural properties when grown under N-rich conditions.[98-100] While the suppression of N-
vacancy-related defects may be expected under N-rich epitaxy condition, its impact on the 
formation of other types of defects, such as Al vacancies, has remained unclear. In this study, we 
have first investigated the effect of growth temperature and N2 flow rate on the properties of 
undoped AlN nanostructures. The studied samples, denoted as A1, A2 and A3, are listed in Table 
3.1. Samples in Group A were grown in the temperature range of 810-965 ºC with N2 flow rates 
varying between 0.33 and 1 sccm.  
Table 3.1: List of three groups of AlN samples presented in this work and their growth conditions 
including substrate temperature, N2 flow rate and Mg flux. 
 
# 
Growth temperature 
(°C) 
N2 flow rate 
(sccm) 
Mg flux (Torr) 
A1 965 1 N.A. 
A2 810 1 N.A. 
A3  810 0.3 N.A. 
B1 810 0.33 3×10-9 
B2 810 0.5 3×10-9 
B3 810 1 3×10-9 
C1 810 0.4 3×10-9 
C2 810 0.4 1×10-9 
C3 810 0.4 7×10-9 
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PL properties of AlN nanowires were measured using a 193 nm ArF excimer laser with a 
repetition frequency of 200 Hz and pulse duration of ~7 ns as the excitation source. The DUV PL 
spectra are shown in Figure 3.2b. It is seen that, when grown under a N2 flow rate of 1 sccm, 
Sample A1 (growth temperature of 965 ºC) features a single excitonic emission peak at 5.93 eV 
(denoted as I1), expected for the excitonic emission of strain-free AlN.[101] An additional and 
broad Al vacancy related peak at 4.86 eV (denoted as I3) was observed from Sample A2 (growth 
temperature of 810 °C), which is consistent with the calculated emission energy between 
conduction band and singly positive charged Al vacancy state. (see Figure A3a) The comparison 
of the two spectra indicates that an elevated growth temperature helps suppress Al-vacancy related 
defect emission (I3), through enhanced Al adatom diffusion.[68,70,102] In practical device 
applications, however, a relatively low growth temperature is generally required to enhance Mg 
dopant incorporation. Shown in Figures 3.1b and 3.1c, the formation energy for vacancies on Al 
site has a strong dependence on N chemical potentials, or N flux in the experiment. In this regard, 
Sample A3 was grown at 810 °C but with a relatively low N2 flow rate of 0.33 sccm, but yet 
maintaining N-rich epitaxy conditions. Shown in Figure 3.2b, Sample A3 features a strong 
excitonic emission (I1) without defect-related emission (I3), in spite of the low growth temperature. 
Through these studies, it is evident that some of the commonly seen defects, including Al and N 
vacancies in AlN can be minimized by optimizing the growth parameters under N-rich epitaxy 
conditions. 
In nanostructures, the complex growth dynamics, including surface adatom migration and 
desorption, may significantly affect the defect formation and distribution.[103,104] We have 
experimentally investigated the effect of Mg dopant incorporation on the defect formation. The 
studied samples (Group B) are listed in Table 3.1 which were grown at the same substrate 
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temperature of 810 ºC, but with N2 flow rate varying from 0.33 to 1 sccm. Shown in Figure 3.2c, 
Mg-acceptor related emission (I2) was clearly observed for Mg-doped AlN sample grown at a N2 
flow rate of 0.33 sccm, with negligible Al-vacancy related defect emission (I3). The origin of I2 
can be attributed to transition between conduction band and singly positive charged Mg dopant 
state. (see Figure A3b) The spectra are normalized to show the intensity ratio among the different 
peaks and non-normalized spectra can be found in Figure A4a. With increasing N2 flow rate, Al-
vacancy related defect emission (I3) becomes dominant, compared to Mg-acceptor related 
emission (I2) (also see Figure A4b). This observation is consistent with that measured for non-
doped AlN, shown in Figure 3.2b.  
To achieve efficient current conduction of p-type AlN, a large concentration of Mg dopants 
is required. We have subsequently investigated the effect of Mg concentration on the properties of 
AlN. Samples in Group C consist of Mg-doped AlN grown under the same substrate temperature 
of 810 ºC and N2 flow rate of 0.4 sccm but with Mg BEP varied from 1×10-9 to 7×10-9 Torr. The 
growth parameters were chosen such that I2 emission dominates the PL spectra, which facilitates 
measurements with large variations of excitation power. Shown in Figure 3.2d, Mg-acceptor 
related emission (I2) intensity shows an increasing trend with Mg concentration, followed by a 
decrease for high Mg BEP (~7×10-9 Torr). This suggests enhanced defect formation at very high 
Mg concentrations, including the increased formation of Al-vacancy related defects, since the 
incorporated Mg dopants may get desorbed during the growth process as a result of weak Mg-N 
bond which leaves vacancies on the cation site[105]. This is further verified by the monotonic 
increase of Al-vacancy-related defect emission (I3) with increasing Mg concentration, shown in 
Figure 3.2d. 
  33
 
Figure 3.2. (a) SEM image of AlN nanowires grown under 0.33 sccm nitrogen flow rate and substrate temperature of 
810 °C. Scale bar, 500 nm. (b) Normalized room-temperature PL spectra of undoped samples from Group A. 
Variations of the growth temperature and nitrogen flow rate are shown in the figure. (c) Normalized PL spectra of 
Mg-doped samples from Group B. All samples were grown at temperature of 810 °C and Mg BEP of 3×10-9 Torr 
while the nitrogen flow rate was varied among different samples. (d) Normalized room-temperature PL spectra of Mg-
doped samples from Group C. All samples were grown at a substrate temperature of 810 ºC and N2 flow rate of 0.4 
sccm while Mg BEP was varied from 1×10-9 to 7×10-9 Torr. 
To further elucidate the nature of I2 and I3 emissions, power-dependent and time-resolved 
PL measurements were performed on the sample grown under a substrate temperature of 865 ºC, 
N2 flow rate of 1 sccm and Mg BEP of 7×10-9 Torr. The Mg concentration is estimated ~5×1019 
cm-3, or higher, based on secondary-ion mass spectrometry (SIMS) studies (see Figure A5). The 
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PL spectra were analyzed with multiple Gaussian profiles as shown in Figure A6. With increasing 
excitation power, I2 shifts from 5.28 to 5.21 eV, and I3 shifts from 4.86 to 4.8 eV, shown in Figure 
3.3a. This redshift cannot be explained by the DAP related transitions reported for AlN epilayers, 
which were characterized by a blueshift with increasing excitation intensity.[93] The redshift 
measured in this study is attributed to a combination of laser-induced heating effect and bandgap 
renormalization,[106] which were observed in GaN/AlN quantum dots[107] and GaN nano-
particles.[108] Moreover, DAP emissions generally show a slow decay with typical lifetimes in 
the µs range,[89] whereas I2 and I3 decay fast at 300 K, approaching an exponential law with very 
short lifetimes of 140 and 360 ps, respectively, shown in Figure 3.3b. Since I2 and I3 decay is four 
orders of magnitude faster than for DAP, both I2 and I3 emissions must originate from the 
transitions involving the conduction band and impurity energy levels inside the bandgap, rather 
than DAP-related transitions as reported in Mg-doped AlN epilayers,[89,90] which further confirm 
that the use of N-rich conditions can effectively suppress the formation of donor-related 
compensating defects. This observation also explains the high hole concentrations (up to 6×1017 
cm-3) measured at 300 K in Mg-doped AlN nanowires grown under N-rich conditions,[48] whereas 
hole concentrations ~2.5×1015 cm-3 were measured in Mg-doped AlN epilayers in spite of the very 
high measurement temperature (850 K) and the very large Mg concentration (1020 cm-3).[89]  
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Figure 3.3. (a) PL spectra of Mg-doped AlN nanowires measured under different excitation powers. The sample was 
grown under a substrate temperature of 865 ºC, N2 flow rate of 1 sccm and Mg BEP of 7×10-9 Torr. (b) Time-resolved 
PL transients of I2 and I3. The black curves are fitting results using a single exponential decay. 
3.3 Electrical Properties and Charge Carrier Dynamics of AlN Nanowire LEDs 
Previously reported planar c-plane AlN LEDs had a turn-on voltage ~30 V.[33] With 
optimized growth conditions, we have subsequently investigated the electrical characteristics of 
AlN nanowire LEDs. Schematic illustration of the device structure and growth conditions are 
shown in Figure A7a. The Si doping concentration in n-AlN is ~1.5×1019 cm-3 and Mg 
concentration in p-AlN is estimated in the range of 1×1019 to 6×1019 cm-3. It’s worth noting that 
introducing Si doping in AlN could shift the fermi level toward conduction band, resulting in a 
reduced formation energy of Al vacancy in AlN, as shown in Figure 1c. Therefore, we intentionally 
grew n-AlN and the subsequent unintentioanlly doped AlN at a relatively high substrate 
temperature of 875 °C to minimize Al-vacancy related defects. Figure 3.4a shows typical room-
temperature I-V characteristics of as-fabricated AlN nanowire LEDs, which has a small reverse 
leakage current ~10 nA at -5 V and strong emission at ~210 nm (see Figure A7b). Under forward 
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bias, the electrical characteristics exhibit three different trends. Region I is characterized by the 
presence of a carrier-injection barrier ∅௕ଵ of 2.2 eV related to the large conduction band offset 
between GaN and AlN (further confirmed and described in Figure A8).  In Region II, the obtained 
minimum ideality factor is 4.6 at 2.4 V, but increases drastically with increasing voltage. In Region 
III, the device shows a turn-on voltage ~5 V, which is significantly smaller compared with 
previously reported planar AlN diodes[33] and is largely determined by the energy bandgap of 
AlN. With further increasing voltage, injection current is limited by parasitic ohmic potential drop 
across the diodes. We measured the I-V characteristics of AlN LEDs with different Mg doping 
concentrations. The obtained minimum ideality factor shows a decreasing trend from 14.9 to 3.6 
with increasing Mg doping concentrations from approximately 1×1019 to 6×1019 cm-3 (see Table 
3.2 in Appendix A) This observation rules out the possibility that the large ideality factors of AlN 
LEDs are the results of sum of the ideality factors of several rectifying junctions as proposed by 
Shah et al.[109]  
We further performed temperature-dependent I-V measurements. Illustrated in Figure 3.4b, 
the measured currents between 2.5 and 3.5 V show a monotonic increasing trend with increasing 
temperature. The dashed black lines in Figure 3.4b indicate the slopes of forward I-V, which are 
largely invariant from room temperature to 200 °C, and hence the ideality factor, extracted by 𝑛 =
௞்
௤
[ ௗ௏
ௗ(௟௡ூ)
] , shows a strong temperature dependence. Previous reports attributed temperature-
independent slopes of (logI)-vs.-V plots to the involvement of charge carrier tunneling.[109-111] 
The total forward current J of the p-i-n diode can be expressed as the sum of diffusion component 
JD in the neutral region (both p and n layers) and the tunneling current JT in the depletion region,  
 𝐽 = 𝐽஽଴ ቂexp ቀ
௤௏ಲ
௞்
ቁ − 1ቃ + 𝐽்଴ [ exp ቀ
௤௏ಲ
ா೅
ቁ − 1]                       (3-1) 
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where 𝑉஺ is the voltage applied through the AlN p-i-n diode, and 𝐸் is the characteristic tunneling 
energy.[112,113] Here other factors such as radiative and nonradiative carrier recombination that 
could lead to larger ideality factors are ignored. Using Eqn. (3-1), 𝐸் of 364 meV is obtained for 
the AlN LED with a Mg concentration of ~1×1019 cm-3. 𝐸்  values on this order have been 
attributed to deep-level-assisted electron (hole) tunneling,[112] such as the deep Mg acceptor 
levels in AlN, which are in the range of 500-600 meV. In this study, it is observed that 𝐸் decreases 
to 67 meV for the AlN LED with a Mg concentration of ~6×1019 cm-3. Very high Mg impurity 
concentrations in AlN can result in the formation of an impurity band, schematically shown in 
Figure 3.4c, instead of localized impurity levels, due to impurity-impurity interactions.[48,49,91] 
With increasing Mg concentration, the dispersion of Mg acceptor energy levels can lead to reduced 
ionization energy for a portion of Mg dopants, illustrated in the right panel of Figure 3.4c. This is 
consistent with the observation of a reduction of the characteristic tunneling energy from 364 meV 
to 67 meV with increasing Mg concentrations from ~1×1019 cm-3 to 6×1019 cm-3. At elevated 
temperatures, hole concentrations in the impurity band is increased, and diffusion current becomes 
more dominant, which leads to a reduction of the ideality factor, shown in Figure 3.4d. A more 
detailed analysis of the hole tunneling process is described in Appendix A. Section 10. The derived 
ET value of 67 meV suggests that the ionization energy of Mg dopants can be effectively reduced 
by nearly one order of magnitude for AlN nanostructures grown under N-rich epitaxy conditions, 
compared to that of conventional planar AlN, thereby leading to AlN LEDs with excellent 
electrical performance.  
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 Figure 3.4. (a) I-V characteristics of AlN nanowire LEDs measured at room temperature, wherein three regions with 
different slopes can be identified. (b) Temperature-dependent I-V characteristics of AlN nanowire LEDs measured in 
the temperature range of 20-200 oC. (c) Illustration of the Mg acceptor energy levels under relatively low (left) and 
high (right) doping concentrations. The dispersion of Mg acceptor energy levels under very high concentrations can 
lead to significantly reduced activation energy (right). (d) Variations of the minimum ideality factors vs. measurement 
temperature.  
3.4 Conclusion 
In summary, through a combined theoretical and experimental study, we show that N-rich 
epitaxy provides a viable path for achieving efficient p-type conduction of AlN that was not 
previously possible. The benefits of growing AlN nanostructures under N-rich conditions include: 
i) suppression of N-vacancy related compensating defect formation, and ii) significant 
enhancement of Al-substitutional Mg-dopant incorporation. Detailed optical measurements show 
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that Mg-related optical emission originates from conduction-band to Mg-acceptor energy levels, 
rather than DAP-related transition, further confirming the suppressed donor-related defect 
formation under N-rich conditions. Analysis of the current-voltage characteristics of AlN p-i-n 
diodes suggests that current conduction is dominated by charge carrier (hole) tunneling at room 
temperature. The characteristic tunneling energy is largely determined by the activation energy of 
the Mg dopant. At very high Mg concentrations, the dispersion of Mg acceptors leads to drastically 
reduced activation energy, evidenced by the small tunneling barrier energy of 67 meV. As such, 
efficient current conduction can be achieved for Mg-doped AlN when grown under N-rich 
conditions. This study may also offer a path to address the poor current conduction of other ultra-
wide bandgap semiconductors.  
  
  40
Chapter 4 Monolayer GaN Excitonic DUV LEDs 
4.1 Author Contribution and Copyright Disclaimers 
The contents of this chapter were published in AIP Publishing’s Applied Physics Letters 
in January 2020,[79] for which I retain the right to include it in this thesis/dissertation, provided 
this thesis/dissertation is not published commercially. The co-authors were Xianhe Liu, Ping 
Wang, David Arto Laleyan, Kai Sun, Yi Sun, Chihyo Ahn, Mackillo Kira, Emmanouil Kioupakis 
and Zetian Mi from the University of Michigan. I designed, conducted and authored most of the 
experimental work. X. L. contributed to the EL measurements. P. W., D. A. L. and C. A. 
contributed to the material growth process. K. S. contributed to STEM characterization. Y. S. 
contributed to device fabrication. E. K. conducted the theoretical calculations. The work was 
supervised by Z. M., who contributed to the design of the experiments with E. K. and M. K. as 
part of a collaboration. The work was supported by US Army Research Office under Contract # 
W911NF19P0025, University of Michigan College of Engineering Blue Sky Research Program, 
and NSF grant #DMR-0723032 (for the JEOL JEM 3100R05 AEM), and the technical support 
from the Michigan Center for Materials Characterization. 
4.2 Introduction 
The development of III-nitride UV LEDs is of key importance for a broad range of 
applications, such as sterilization, water purification, medical treatment, and Raman 
spectroscopy.[11,114-116] AlGaN QWs with a high Al content have been extensively investigated 
as active regions for DUV LEDs with wavelengths ranging from 222 nm to 350 nm.[117,118] To 
date, however, the efficiency of AlGaN DUV LEDs is significantly below than that of GaN-based 
blue LEDs. For example, for LEDs operating at wavelengths of <240 nm, the reported EQE is well 
below 1%.[38] Some of the major factors limiting the performance of DUV LEDs include low 
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quantum efficiency due to the large densities of defects and dislocations in planar AlGaN QW 
LED heterostructures,[32] poor charge carrier (hole) injection efficiency due to the inefficient p-
type conduction associated with the very large ionization energy of Mg dopants,[119] and low 
light extraction efficiency caused by the light absorption and optical polarization.[53,54] 
Specifically, when the Al composition in the AlGaN active region exceeds ~68%, the crystal split-
off (CH) subband is positioned at the top of the valence band. The hole population in the CH 
subband leads to TM optical transition, which is polarized along the c-axis (growth direction) and 
therefore prevents efficient light extraction in a conventional planar LED device. Other factors, 
such as electron overflow, Auger recombination, and heating effect may also contribute 
significantly to the low efficiency of DUV LEDs. Extensive studies, including the use of bandgap 
engineering, tunnel junction,[36,120] nanostructures[121], AlN substrates,[26,122] nano-
patterned substrate,[123,124] and high temperature annealing[125,126] have been performed to 
address these critical challenges.  
Recent studies have shown that monolayer GaN embedded in AlN matrix can exhibit 
transverse electric (TE), instead of TM, polarized emission in DUV wavelengths.[127-129] The 
extreme quantum-confinement also promises very large exciton binding energy (up to ~230 meV) 
and stable excitonic emission in a monolayer GaN LED, due to the strong Coulombic interaction, 
which can greatly minimize the effect of nonradiative Shockley-Read-Hall recombination. 
Moreover, due to the enhanced radiative recombination (smaller carrier lifetime), charge carrier 
densities in the device active region will be significantly smaller than a conventional LED device 
under otherwise identical injection current, thereby drastically reducing nonradiative Auger 
recombination (       ) and electron overflow of a DUV LED. To date, however, such a large exciton 
binding energy in monolayer GaN was not measured, which is likely limited by the epitaxy of 
µ n3
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conventional planar AlGaN heterostructures on sapphire, which often have significant 
surface/interface roughness and large densities of defects and dislocations.[130] III-nitride 
nanocrystals, including nanowires and nanorods have attracted significant interests,[131] which 
are largely free of dislocations, due to the efficient surface strain relaxation. To date, however, the 
controlled epitaxy of monolayer GaN in AlN nanocrystals has remained elusive. In a recent study 
by Sarwar et al., significant thickness fluctuations were observed in monolayer GaN embedded in 
AlN nanowires, leading to optical emission varying from ~240 nm to 320 nm.  
In this chapter, we report on a detailed investigation of the epitaxy and characterization of 
monolayer GaN formed in N-polar AlN nanowire arrays by using PAMBE. With the use of growth 
interruption and migration enhanced epitaxy, we demonstrate the controlled formation of 
monolayer GaN in an AlN matrix. DUV emission from ~4.9 eV to 5.25 eV was measured by 
varying AlN barrier thickness. Direct correlation with the calculated electronic and optical 
bandgap of monolayer GaN suggests the excitonic binding energy for monolayer GaN embedded 
in an AlN matrix is ~200 meV. The predominant excitonic emission is also consistent with the 
measured linear increase of light intensity with excitation power. We have further demonstrated 
large-area LEDs with the incorporation of single monolayer and double monolayer GaN active 
region, which exhibit strong emission at 238 nm and 270 nm, respectively. 
4.3 Epitaxial Growth of Nanowires with Monolayer Thin GaN 
In this study, DUV LED quantum heterostructures, schematically shown in Figure 4.1a, were 
grown on n-type Si wafer using a Veeco GEN II MBE system equipped with a radio frequency 
plasma-assisted nitrogen source. Prior to loading into the MBE system, the Si wafer was cleaned 
in buffered hydrofluoric acid solution. Si-doped GaN nanowires with a length of ~100 nm were 
first grown directly on Si substrate, which serve as a template for the subsequent epitaxy of 
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AlN/GaN quantum heterostructures. Si-doped AlN nanowires (~150 nm) were grown at a substrate 
temperature of 875 ºC. Three periods of GaN/AlN quantum heterostructures were grown at the 
same substrate temperature of 875 ºC, wherein the thickness of GaN quantum disk was either one 
or two monolayer and the AlN barrier thickness was ~10 nm. The growth rate was ~0.1 ML/s. The 
growth was performed under N-rich conditions, and the nominal Ga/N ratio was ~0.29 and Al/N 
ratio was ~0.26 during the active region growth. Because of the strong preference of Al 
incorporation over Ga, an Al-free surface is essential for the controlled formation of monolayer 
GaN in the AlN matrix. Therefore, at the end of each AlN barrier growth, the Al shutter was closed 
for 10 mins, with only the nitrogen shutter open to help consume extra Al adatoms at the growth 
front. Then the Ga shutter was opened briefly, which was immediately capped by AlN. The 
thickness of the GaN quantum disks was varied from one to two monolayers by varying the Ga 
shutter opening time. Subsequently a ~40 nm Mg-doped p-AlN hole-injection layer and ~3 nm p-
GaN contact layer were grown. Figure 4.1b shows a typical SEM image of the as-grown nanowire 
heterostructures, which feature a high density of 2×1010 cm-2 and relatively uniform height. The 
nanowires are vertically aligned to the substrate and have N-polarity based on previous studies. 
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Figure 4.1. (a) Schematic illustration of DUV LED heterostructure with the incorporation of monolayer GaN active 
region. (b) A SEM image of the grown sample.[79] 
4.4 Structural and Photoluminescence Characterization of Ultrathin GaN/AlN 
For TEM studies, GaN/AlN nanowires were mechanically removed from the substrate and 
dispersed on a lacy carbon film mesh Cu TEM grid. Transmission electron micrographs were 
collected using a JEOL JEM3100R05 TEM with double aberration correctors operated in STEM 
mode with settings defining a probes size smaller than 0.1 nm for HAADF imaging with a detector 
collection inner angle ~79 mrad. Shown in Figures 4.2a and 4.2b are the HAADF-STEM images 
of the single and double monolayer GaN samples, respectively, which confirmed the formation of 
monolayer GaN on the c-plane of the AlN nanowire. A sharp interface was observed between the 
GaN monolayer and the bottom AlN barrier, while there was slight interdiffusion between the GaN 
monolayer and the top AlN barrier, which could be caused by the non-optimum Ga deposition 
time for nanowires with different sizes.  
 PL properties of monolayer GaN/AlN heterostructures were measured using a 193 nm ArF 
excimer laser as the excitation source at room temperature. Shown in Figure 4.2c, distinct emission 
peaks at 238 nm and 270 nm were measured for samples with single and double monolayer GaN, 
respectively, which are in good agreement with previous theoretical calculations. It is noticed that 
there is significant inhomogeneous broadening (full-width-at-half-maximum ~20 nm), which is 
largely due to the size dispersion of AlN nanowires and the resulting variations in strain 
distribution and associated adatom interdiffusion. Significantly reduced spectral broadening is 
expected with the use of SAE to precisely control the size of AlN nanowires.[132] While 
identifying genuine exciton contributions directly from PL spectra requires a sophisticated 
quantitative analysis,[133] temporally and spectrally integrated PL determines the total number of 
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radiatively recombined electron-hole pairs,[106] which can be used to determine the ratio of 
radiative and nonradiative Auger recombination. Shown in Figure 4.2d, the temporarily and 
spectrally integrated PL intensity (IPL) from monolayer GaN is found to linearly increase with the 
excitation intensity (I0), i.e., IPL ∝ I0. This implies that the number of generated charge carriers (∝ 
I0) is equal to radiatively recombined ones (∝  IPL).[106] Since Auger recombination would 
invalidate this balance, the linear relationship between IPL and I0 suggests strong suppression of 
Auger recombination under the presented measurement conditions, as expected for exciton-
dominated systems. 
Figure 4.2. STEM-HAADF images of (a) one monolayer GaN and (b) two monolayer GaN embedded in AlN matrix. 
(c) Normalized PL spectra for one monolayer (black) and two monolayer (red) GaN measured at room temperature. 
(c) Variations of the integrated PL intensity with excitation power for the sample containing monolayer GaN active 
region.[79] 
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4.5 First Principle Calculation and Electroluminescence of Monolayer GaN Based LEDs 
Next, we compare our experimental data to previous theoretical predictions[134] from first-
principles calculations based on density functional and many-body perturbation theory, which 
yield accurate electronic and optical properties of materials. The theoretical electronic and optical 
gaps of 1 ML GaN/AlN heterostructures with AlN barrier 1-9 MLs thick are shown in Figure 4.3b. 
Increasing the thickness of AlN barrier, the electronic gap increases to 5.44 eV and the optical gap 
increases to 5.2 eV for 1 ML GaN/9 MLs AlN due to increased quantum confinement inside the 
GaN QDs.[129]  Thicker AlN barriers increase the electronic gap and optical gap only slightly 
above this value. At the other extreme, the structure of alternating GaN and AlN single MLs has 
an optical gap of 4.66 eV. We also obtained experimental PL peak positions for a series of 
GaN/AlN heterostructures with monolayer-thick GaN and varying AlN barrier thickness. The 
observed peak positions (Figure 4.3a) are in good agreement with the calculated optical gaps, in 
contrast to previous reports for planar ML GaN structures in which the PL photon energies are 
closer to the electronic gaps.[129] This further confirms that the emission in our PL measurements 
has exitonic nature with binding energy of ~200 meV. It’s worth mentioning the PL emission 
obtained from previously reported Ga-polarity monolayer GaN/AlN heterostructure showed peak 
photon energies closer to the electronic band, indicating the obtained emission in planar structure 
is non-exitonic.[129] Previous study have shown that the interface between GaN and AlN is 
usually diffusive due to the negative polarization charge when the surface has Ga-polarity, which 
is common for commercial GaN on sapphire substrate.[135] In contrast, the spontaneously grown 
nanowires on Si substrate have N-polarity,[136] generating a positive polarization and abrupt 
interface between the GaN/AlN, which essential for providing extreme quantum confinement of 
electron hole pairs.[135] The strain field in ML GaN/AlN heterostructure and its spatial variation 
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could lead to a confinement along the lateral direction of the nanowire, which, together with 
variations in the nanowire size, explains the large linewidth measured for the excitonic 
emission.[137] 
Figure 4.3. (a) Electronic and optical gaps of monolayer GaN as a function of the AlN barrier thickness. 
Experimentally measured PL peaks at 300 K are indicated with red triangles. Lines connected to and extrapolated 
from the theory data points are guides to eye. (b) Normalized PL spectra of monolayer GaN with different AlN barrier 
thicknesses measured at room temperature. The solid lines are fittings to experimental data.[79] 
4.6 GaN Monolayer-based DUV LEDs  
Figure 4.4a shows the schematic of DUV LEDs, which were fabricated by standard optical 
lithography and contact metallization techniques. First of all, e-beam evaporation of Ti (80 nm)/Au 
(20 nm) was deposited on the backside of Si substrate as the n-metal contact. The top metal layers 
of Ni (10 nm)/Au (10 nm) were deposited using a tilting angle deposition technique to define the 
device areas.[40] We note that no filling materials were used to avoid the absorption of UV 
photons. Ti (20 nm)/Al (300 nm)/Au (20 nm) metal grid contacts were also deposited on the device 
top surface to facilitate current spreading. The device mesa sizes are in the range of 300 µm by 
300 µm to 1 mm by 1 mm. Figure 4.4b shows the current-voltage characteristics of the fabricated 
devices with turn-on voltages of ~5 V, which is lower than the ones reported in GaN monolayer-
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based planar DUV LEDs due to enhanced Mg doping in the p-AlN and reduced monolayer 
periods.[127] The leakage current of the devices is on the order of a few hundred nA for a reverse 
bias of -10 V as shown in Figure 4.4b inset, indicating efficient doping and also a low density of 
dislocations inside the materials. Previously, it has been demonstrated that the formation energy 
of Al-substitutional Mg acceptors is drastically reduced in AlN nanostructures, compared to 
epilayers, due to the efficient surface stress relaxation.[38] Consequently, a portion of Mg 
acceptors has significantly reduced activation energy. As shown Figure 4.4b, the current density 
can reach over 50 A/cm2 at 10 V at room temperature. 
 
Figure 4.4. Schematic illustration of the fabricated large area monolayer GaN DUV LED. (b) I-V characteristics 
measured at room temperature. Inset: logarithmic scale.[79] 
Figure 4.5a shows the electroluminescence (EL) spectra for the LEDs incorporating single 
and double monolayer GaN active regions, with peak emission at ~238 nm and 270 nm, 
respectively, which are consistent with the PL measurements shown in Figure 4.2c. EL spectra for 
the monolayer GaN DUV LED device measured under different injection currents are further 
shown in Figure 4.5b. The peak positions remain nearly constant vs. current, shown in Figure 4.5c, 
which can be attributed to the negligible quantum-confined Stark effect, due to the extreme 
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quantum-confinement of electrons and holes in an atomically thin active region, despite of the 
large polarization field between GaN and AlN. It is also seen that the integrated EL intensity 
increases near-linearly with current, showing negligible efficiency droop, suggesting suppression 
of Auger recombination. In monolayer GaN LEDs, because the strong exciton binding energy 
enhances radiative decay[106] and quenches scattering,[138] the radiative carrier lifetime is 
reduced and thus Auger recombination. As a consequence, Auger recombination induced droop in 
DUV devices can be suppressed in strongly excitonic systems.  
 
Figure 4.5. (a) EL spectra measured from one monolayer (black) and two monolayer (red) GaN LEDs, respectively. 
(b) EL spectra measured under injection currents from 2.3 A/cm2 to 32.2 A/cm2 for the monolayer GaN LED. (c) 
Variations of the integrated EL intensity (green) and peak position (blue) vs. injection current.  The measured device 
size is 300 μm × 300 μm.[79] 
4.7 Summary 
In conclusion, we have demonstrated controlled epitaxy of monolayer GaN in an AlN 
matrix. Our experimental studies and direct correlation with first-principles calculations based on 
density functional and many-body perturbation theory provide strong evidence that monolayer 
GaN can exhibit a very large exciton binding energy of ~200 meV. The emission wavelengths can 
be further tuned by varying the thicknesses of GaN and/or AlN barrier. We have further 
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demonstrated DUV LEDs with the incorporation of single and double monolayer GaN, which 
operate at ~238 nm and 270 nm, respectively. These unique DUV LEDs exhibit highly stable 
emission and negligible efficiency droop. Future studies include the controlled epitaxy of 
monolayer GaN in AlN nanocrystals grown by SAE to significantly reduce the inhomogeneous 
broadening and to achieve DUV LEDs with high power operation.  
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Chapter 5 High Performance Al-rich AlGaN Nanowires-based LEDs on Al 
Coated Si (001) Substrate 
5.1 Author Contribution and Copyright Disclaimers 
The contents of this chapter were published in Elsevier’s Journal of Crystal Growth in 
February 2019,[87] for which I retain the right to include it in this thesis/dissertation, provided this 
thesis/dissertation is not published commercially. The co-authors were Yongjie Wang, Kai Sun, 
and Zetian Mi from the University of Michigan. I designed, conducted and authored most of the 
work. Y. Wang contributed to the material growth process. K. S. contributed to the STEM 
characterization. The work was supervised by Z. M., who contributed to the design of the 
experiments. This work was supported by National Science Foundation with award Grant DMR-
1807984. 
5.2 Introduction 
DUV LEDs and LDs with wavelengths in the range of 200-350 nm are of great interest for 
a wide variety of applications including water and air purification, sterilization/disinfection, 
medical diagnostics, phototherapy, polymer curing, and sensing.[10] Among all the wide bandgap 
semiconductors, group III-nitrides (GaN, AlN, InN and their ternary and quaternary alloys) are 
deemed as the most suitable material family for the implementation of DUV LEDs and 
LDs.[32,59,118,139-142] Extensive efforts have been devoted to improving device performance 
in the past decades, and previously reported AlGaN based QW DUV LEDs often exhibit an EQE 
of less than 10%.[35,143-145] There are mainly three factors limiting the performance of DUV 
LEDs. First of all, typical TD density of AlGaN heterostructures grown on sapphire is ~109 cm-2, 
or higher, resulting in an IQE of less than 50%.[146,147] Secondly, the large Mg activation energy 
in Al-rich AlGaN severely limits the available hole concentration, resulting in a low carrier 
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injection efficiency.[13] Thirdly, LEE of the dominating TM polarized emission in Al-rich AlGaN 
planar structure has been limited to 10% or less.[148,149] Very recently, through migration-
enhanced metal organic chemical vapor deposition to reduce the TDs and by utilizing UV 
reflecting ohmic contacts and optimized chip encapsulation, an EQE of 20% at 20 mA CW 
injection for 275 nm DUV LEDs was achieved.[34] 
AlGaN nanowires have emerged as a promising alternative to its planar counterparts in 
circumventing the above-mentioned challenges.[17,50,150] Dislocation-free nanowires can be 
achieved on lattice-mismatched substrate due to the efficient surface strain 
relaxation.[41,42,44,151] It has been shown that nanowires can be monolithically integrated on 
low cost substrate including Si,[43,61] SiO2[152] and Ti.[153,154] Tran et al performed detailed 
investigation of MBE growth of Mg-doped AlN nanowires and obtained hole concentration up to 
~6×1017 cm-3, which is orders of magnitude higher compared with the reported values (~1012 cm-
3) in Mg-doped AlN epilayers. The significantly enhanced Mg incorporation was attributed to 
efficient hole hopping conduction in the Mg impurity band. Liu et al showed that a maximum LEE 
>90% can, in principle, be achieved for TM-polarized emission for AlGaN nanowire LEDs on 
reflective substrate.[155] To date, however, most of the reported nanowire based DUV devices are 
grown directly grown on Si substrate which is opaque to any UV emission and severely reduces 
the LEE.  
A particular interest has been seen in growing nanowire structure on metals, and it has been 
envisioned that LEDs on metallic substrate have the advantages of excellent electrical and thermal 
conductivity.[156-158] Zhao et al reported growth of disks-in-nanowires on Ti coated bulk 
polycrystalline-Mo substrate. Janjua et al demonstrated AlGaN nanowire based UV devices grown 
on a Ti coated n-type Si substrate. The device shows a UV emission wavelength of 337 nm and 
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it’s believed that the incorporation of Ti layer improved current injection and heat dissipation. 
Prantie et al demonstrated that the incorporation of a thin metal layer could significantly reduce 
the junction temperature by 44 °C which further contributed to enhanced power and reliability of 
AlGaN devices. 
Although Ti film can reflect ~35% light at 337 nm, the reflectivity plunges when moving 
to emission wavelengths shorter than 300 nm. Al has been widely adopted in UV reflectors with 
an over 85% reflectivity for emission wavelengths in the range of 250-300 nm. Moreover, Al has 
a thermal conductivity of 202 W/(m•K) while Ti has 22 W/(m•K) at room temperature, making it 
an ideal metal for enhancing the performance of DUV LEDs. However, due to its disadvantageous 
low melting temperature of 660 °C, to our best knowledge there have been no reports of AlGaN 
nanowires growth on Al film.  
In this context, we have demonstrated epitaxial growth of AlGaN nanowires on Al coated 
Si substrate. A two-step growth method was utilized to realize high quality AlGaN nanowires 
vertically oriented on the substrate. The as-grown nanowires feature diameters of >200 nm and 
relatively uniform height distribution. AlGaN nanowires with emission wavelengths across nearly 
the entire UV-A and UV-B bands have been successfully achieved by varying Al/Ga BEP ratio 
and growth temperature. Detailed STEM characterization shows that the AlGaN nanowires were 
nearly free of TDs and SFs. The fabricated AlGaN nanowire LED devices have excellent 
rectification characteristics with a turn-on voltage of 7 V. A single peak EL emission at 288 nm 
was obtained. An EQE of ~0.04% was obtained at 20 A/cm2 current injection which is at least one 
order of magnitude higher than the previous reports of AlGaN p-i-n nanowire based LEDs,[159] 
except one most recent report wherein tunnel injection was utilized to enhance the device 
performance.[40] Significantly improved EQE is expected by optimizing the growth of AlGaN 
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nanowire arrays directly on Al template and by eliminating light absorption through the Ni/Au p-
contact metal on top of the AlGaN nanowire array.  
5.3 Epitaxial Growth and Emission Wavelength Tuning of Al-rich AlGaN Nanowires on Al 
Coated Si(001) Substrate 
Al film with a thickness of 300 nm was first deposited on the Si(001) substrate at a rate of 
2 Å/s. Ellipsometry measurements show that the Al coated substrate has an over 85% reflectivity 
in the wavelength range of 250-400 nm at various incident angles. The Al template was cleaned 
using buffered hydrofluoride solution prior loading into the MBE chamber. A two-step growth 
method was adopted to realize vertically aligned AlGaN nanowires on Al template. GaN with a 
thickness of ~250 nm was firstly grown at a relatively low temperature (LT) of 600 °C as a buffer 
layer which is crucial in controlling the out-of-plane orientation of the nanowires as shown later. 
The formation of AlN layer underneath the GaN buffer is also expected during this step as shown 
later. During the second step, while keeping the same Ga BEP of 1.5×10-7 Torr, nitrogen flow of 
1 sccm, plasma forward power of 350 W and a relatively high temperature (HT) of 780 °C was 
utilized to induce the formation of GaN nanowires homo-epitaxially on top of the LT-GaN layer. 
Figure 5.1a shows the schematic of the AlGaN/GaN nanowire segments on such LT-GaN. The 
corresponding bird-view SEM image is shown in Figure 5.1c. It can be observed that the obtained 
HT-GaN/AlGaN nanowire segments are nearly vertically grown on the substrate with a relatively 
uniform height distribution. The density of the nanowire ensembles is ~1×109 cm-2 with diameters 
in the range of 200-350 nm, which are ~5-10 times larger than those grown on bare Si substrate 
under similar conditions.[160] The discrepancy can be attributed to the larger nucleation island 
size at the initial stage of HT-GaN nanowire growth as shown later. Direct growth of the nanowires 
on Al coated Si substrate without LT-GaN insertion was also investigated. As illustrated in Figures 
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5.1b and 5.1d, the obtained nanowire array features random out-of-plane tilting to the substrate. 
Moreover, the Al film thickness was reduced significantly to less than 20 nm while uniformity was 
also severely jeopardized. The random orientation could be attributed to the variation of nucleation 
sites on unstable Al film surface which undergoes severe adatom desorption at high growth 
temperature.  
 
Figure 5.1. (a) Schematic of AlGaN nanowires grown on a LT-GaN buffer on Al-coated Si substrate. (b) Schematic 
of direct growth of AlGaN nanowires on Al-coated Si substrate. (c) SEM image of GaN/AlGaN nanowires vertically 
integrated on Al-coated Si. (d) SEM image of randomly tilted AlGaN nanowires grown directly on Al-coated Si 
substrate. The SEM images were taken with a 45° tilting angle.[87] 
Subsequently, AlGaN nanowires were grown on the GaN nanowire template. The nitrogen 
flow rate was decreased to 0.4 sccm to enhance Al migration which was found to be essential to 
improve crystal quality.[39] A series of AlGaN samples were grown with the same Al BEP of 
2.5×10-8 Torr while the Ga BEP was varied between 1×10-7 and 3.5×10-8 Torr in order to tune the 
emission wavelengths. As indicated by the blue, red and black curves in Figure 5.2, the PL spectra 
(a)
(c)
(b)
(d)
AlGaN nanowire
GaN nanowire
LT-GaN
Al reflective layer
Si (001) substrate
AlGaN nanowire
GaN nanowire
Al reflective layer
Si (001) substrate
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exhibit a consistent blueshift with decreasing Ga BEP, and the full-width-at-half-maximum 
(FWHM) are ~20 nm. In order to achieve shorter wavelengths, the growth temperature for AlGaN 
nanowires was further raised to enhance Al adatom migration and Ga adatom desorption. AlGaN 
nanowire arrays with an emission wavelength of 288 nm, corresponding to Al composition of 
~40% in the UV-B region was obtained at a growth temperature of 820 °C.   
 
Figure 5.2. Normalized PL spectra of samples grown under different Ga BEP and substrate temperatures with a 
nitrogen flow rate of 0.4 sccm. The blue, red and black curves correspond to samples grown with Ga BEP of 8×10-8, 
6×10-8 and 3.5×10-8 Torr, respectively at a substrate temperature of 780 °C. The green and magenta curves correspond 
to samples grown at a substrate temperature of 800 °C and 820 °C, respectively, with Ga BEP ~3.5×10-8 Torr and Al 
BEP ~2×10-8 Torr.[87] 
5.4 Structural Characterization of Al-rich AlGaN NW on Al Coated Si 
We have subsequently investigated structural properties of AlGaN nanowires grown on Al 
template. A cross-sectional specimen of the grown AlGaN/GaN nanowires with an emission 
wavelength of 288 nm was prepared by using an in-situ lift-out method performed using a FEI 
Helios 650 FIB/SEM dual beam system. Structural properties of the sample were studied using a 
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JEOL JEM-3100R05 analytical electron microscope with double Cs-correctors operated at 300 
keV. Figure 5.3a shows the typical cross-sectional STEM bright field (BF) image of the 
GaN/AlGaN nanowires grown on Al coated Si substrate, wherein individual layers of the 
heterostructure can be clearly distinguished in the light of the varying image contrast. The 
GaN/AlGaN nanowires feature a large diameter of 200-350 nm and are nearly vertically aligned 
to the substrate. High resolution (HR) HAADF image of the red outlined region in Figure 5.3b 
confirms the AlGaN segment is nearly free of TDs and SFs. Fast Fourier transform (FFT) (shown 
in Figure 5.3d) of Figure 5.3b confirms that the nanowire grows along c-axis with sidewalls being 
m-planes. Figure 5.3c shows the STEM-HAADF image of the yellow-boxed region in Figure 5.3a, 
and the contrast variation along the lateral dimension indicates the presence of core-shell structure. 
Energy dispersive X-ray spectroscopy (EDAX) line profile analysis was further performed along 
line 1-2. Shown in Figure 5.3e, the Ga composition peak intensity increases toward the center of 
nanowire. In contrast, Al signals show a clear peak in the sidewall region and drop toward the 
center of the nanowire. This provides unambiguous evidence for the formation of a core-shell 
heterostructure, with the presence of an Al-rich AlGaN shell surrounding the AlGaN core. Such a 
core-shell heterostructure has also been observed in previous studies. The formation of Al-rich 
AlGaN shell provides effective carrier confinement in the nanowire LED active region and 
suppresses nonradiative surface recombination.[25] Figure 5.3f further shows a STEM-HAADF 
image of the interface between the nanowires and LT-GaN layer, which features a columnar 
morphology. Nucleation islands with sizes of ~75 nm were formed on top of the columns as 
pointed by the red arrows. These nucleation islands are significantly larger than their counterpart 
grown on Si substrate where a typical diameter of ~10 nm was reported,[68,161] resulting in a 
large diameter of the subsequent GaN/AlGaN nanowire. SFs were observed in the LT-GaN buffer 
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as shown in Figure 5.3g, while the HT-GaN nanowires were nearly free of TDs and SFs (Figure 
5.3h). 
 
Figure 5.3. (a) Low magnification cross-sectional STEM BF image of AlGaN/GaN nanowires on Al coated Si (001) 
substrate. (b, c) HAADF-STEM images of red and yellow boxed region of the AlGaN nanowire region. (d) FFT image 
of (b) shows that the AlGaN/GaN nanowire grows along the c-axis direction. (e) EDAX line profile analysis along the 
lateral dimension of the AlGaN segment. (f) STEM-HAADF image of the interface between nanowires and LT-GaN 
layer. The red arrows point to the nucleation islands. (g) STEM-HAADF image of the purple-boxed region shows the 
out-of-plane crystallographic orientation of each column is aligned along the c-axis. (h) STEM-HAADF image of the 
magenta-boxed region in (f).[87] 
5.5 Electroluminescence Measurement Results 
The device schematic is shown in Figure 5.4a, which consists of ~150 nm Al reflective 
layer on Si(001) substrate followed by ~250 nm Ge-doped LT-GaN layer. Ge-doped HT-GaN 
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nanowire template was grown on top of the GaN buffer layer. Then n-AlGaN, i-AlGaN and p-
AlGaN segments of 100 nm, 60 nm and 100 nm were grown sequentially on top of the HT-GaN 
nanowire template. The Ge concentration of n-AlGaN is ~5×1019 cm-3, and the Mg concentration 
of p-AlGaN is ~1×1020 cm-3. On top of the p-AlGaN segments, 5 nm of p-GaN contact layer was 
grown with Mg concentration ~5×1019 cm-3. The fabrication of AlGaN nanowire DUV LEDs 
involves the use of standard lithography, plasma etching and contact metallization techniques. Ni 
(10 nm)/Au (10 nm) was deposited on top of the nanowire array using a tilted angle deposition to 
serve as p-metal contact. It’s worthwhile mentioning that no filling materials were used to avoid 
the absorption of UV photons. Device mesa with various sizes was then patterned by 
photolithography and plasma etching using Cl2/BCl3/Ar. Al(100 nm)/Au(50 nm) was deposited on 
Ge-doped LT-GaN layer to serve as n-metal contact. I-V characteristics of the AlGaN p-i-n 
structures were measured under CW biasing condition. The devices showed a typical turn-on 
voltage of 7 V. The device specific resistance estimated from the linear region of the forward I-V 
characteristics (between 8 and 10 V) was ~35 ohm for AlGaN nanowire UV LEDs, shown in 
Figure 5.4b. The optical image of the device under 20 A/cm2 injection current was shown in Figure 
5.4b inset. EL from a device with an areal size of 300 µm by 300 µm was measured under different 
injection current densities. It can be observed that the peak emission wavelength is 288 nm which 
matches very well with the PL measurement results. The peak position is invariant of the injection 
current, shown in Figure 5.4c. The FWHM of the EL peak is ~17 nm. The measured EQE at room 
temperature under CW operation was shown in Figure 5.4d. It can be seen that the EQE first 
increases with injection current and reaches a maximum value of ~0.04 % at around 20 A/cm2 
before decreasing with further increasing current. It’s worth noting that the obtained EQE of as-
fabricated devices is severely limited by the following factors. First, a large portion of the emitted 
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light was absorbed by the Ni/Au p-contact layer atop AlGaN nanowires. Our previous finite- 
FDTD simulation showed that Ni/Au of ~25 nm could result in a low LEE of ~0.4%. In order to 
avoid DUV light absorption by the absorptive p-metal, nanowire coalescence could be introduced 
so that metal contact can be deposited around the edge of the devices. Secondly, the decreasing 
EQE with increasing current indicates the existence of electron overflow from the active region. 
Therefore, electron blocking layers with sufficient high barrier height are required to achieve a 
high carrier injection efficiency. Thirdly, the present GaN buffer absorbs UV emission shorter than 
365 nm and an AlGaN buffer layer is required to achieve significantly enhanced EQE.  
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Figure 5.4. Characteristics of AlGaN nanowire LEDs. (a) Schematic of AlGaN nanowire based DUV LED on Al 
coated Si (001) substrate. (b) I-V characteristics of AlGaN nanowire LEDs emitting at 288 nm, with the inset showing 
the optical image of LED under an injection current of 20 A/cm2. Inset scale bar: 100 µm. (c) EL spectra measured 
from AlGaN nanowire LEDs with different injection currents. (d) The measured EQE vs. injection current of a device 
emitting at 288 nm.[87] 
5.6 Summary 
In conclusion, we have demonstrated epitaxial growth of AlGaN nanowire heterostructures 
on Al coated Si substrate. We have shown that the utilization of LT-GaN buffer layer can overcome 
the out-of-plane tilting issue and lead to the formation of nanowires vertically oriented to the 
substrate. The as-grown nanowires feature diameters of >200 nm and uniform height distribution. 
AlGaN nanowires with PL wavelengths from 340 nm-288 nm have been successfully achieved by 
varying Al/Ga BEP ratio and growth temperature. Detailed structural characterizations suggest 
that the AlGaN nanowires are largely free of TDs and SFs. We have further demonstrated 
functional AlGaN nanowire LEDs on Al coated Si(001) substrate which exhibit relatively good I-
V characteristics. A single peak EL emission at 288 nm was obtained under different current 
injections. EQE of ~0.04% was obtained at 20 A/cm2 injection current. Further improved EQE is 
expected by removing the absorptive Ni/Au p-contact metal on top of the AlGaN nanowire array, 
reducing electron overflow by introducing electron blocking layers, and replacing GaN buffer with 
Al-rich AlGaN buffer layer.  
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Chapter 6 Mg-doped GaN Epilayers Grown on Si(001) Substrate Through 
Controlled Nanowire Coalescence 
6.1 Author Contribution and Copyright Disclaimers 
The contents of this chapter were published in Elsevier’s Journal of Crystal Growth in 
September 2018,[160] for which I retain the right to include it in this thesis/dissertation, provided 
this thesis/dissertation is not published commercially. The co-authors were Yongjie Wang, Kai 
Sun, Anthony Aiello, Pallab Bhattacharya, and Zetian Mi from the University of Michigan. I 
designed, conducted and authored most of the work. Y. Wang contributed to the material growth 
process. K. S. contributed to the STEM characterization. A. A. contributed to the PL 
measurements. The work was supervised by Z. M., who contributed to the design of the 
experiments with P. B. as part of a collaboration. The STEM characterization was performed with 
technical support from the University of Michigan Center for Materials Characterization. This 
work was supported by US Army Research Office with award W911NF-17-1-0109, the University 
of Michigan College of Engineering, and NSF grant #DMR-0723032 (for the JEOL JEM 3100R05 
AEM).  
6.2 Introduction 
III-nitride based semiconductors have been the subject of extensive research and 
development in recent years, largely driven by their application in LEDs and LDs and in high 
power and high frequency electronics.[17] For these applications, the realization of  high quality 
GaN epilayers on large area Si substrates will contribute significantly to a reduction in cost, which 
are also compatible with existing processing lines commonly used in the electronics industry. 
However, direct growth of GaN epilayers on Si generally leads to the presence of very high 
densities of TDs as well as SFs due to the large lattice and thermal expansion coefficient 
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mismatches, which severely limit the device performance and reliability.[162-166] The GaN film 
crystalline quality was found to be improved using Al-rich buffer layers.[164] Nevertheless, the 
resistive Al-rich layer eliminates the possibility of vertically contacted LEDs fabricated on 
conducting Si and the potential integration of electronic and optical devices. A particular interest 
has been seen in growing GaN epilayers through lateral epitaxial overgrowth (LEO) and 
spontaneous coalescence of GaN nanowires which can be formed directly on Si with a low density 
of extended defects.[167-172] As GaN nanowires feature an extended 1D geometry, the LEO 
requires tuning the growth conditions so that the axial growth mode is suppressed while in-plane 
2D expansion is promoted. 
Li et al. demonstrated inducing GaN LEO through deactivating Ni catalyst on top of the 
nanowire array at higher growth temperature,[172] while Yeom et al. divided the LEO process 
into four steps with gradually increased trimethylgallium flux and growth temperature.[173] 
Averett et al. performed GaN LEO using PAMBE by switching growth parameters to a metal rich 
condition following nanowire growth.[171] Similar strategy was also adopted by Dogan et al. and 
they further noticed that the nanowire templates with a higher coalescence degree led to smaller 
grain size in the overgrown GaN.[174,175] Sekiguchi et al. studied the effect of Be doping in the 
overgrown GaN cladding layer and found that higher Be cell temperature generated a better surface 
flatness.[176] Despite the efforts and progress being made on GaN LEO using nanowire 
array,[177] several critical issues remain to be addressed before the realization of high 
performance optoelectronic devices. First of all, the incorporation of foreign metal catalyst during 
nanowire growth may cause impurity contamination during the GaN LEO. Secondly, overgrowth 
of the GaN film tends to proceed by filling the gaps in between the nanowires and the morphology 
features a fluid-like surface, especially when LEO is performed under metal rich condition. 
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Thirdly, there has been no demonstration of p-type conductivity of GaN epilayer formed through 
nanowire coalescence directly on Si substrate, which is essentially required in optoelectronic 
devices including LEDs, lasers and photodiodes.  
In this chapter, we present a detailed investigation of GaN LEO using plasma-assisted 
MBE under nitrogen rich conditions, demonstrating a controlled lateral/axial nanowire growth rate 
by varying growth temperature. The axial/lateral growth ratio of nearly dislocation-free GaN 
nanowires on Si(001) can be modulated by nearly two orders of magnitude. As such, the transition 
from GaN nanowire arrays to coalesced GaN epilayers can be obtained through a relatively thin 
(~150 nm) intermediate layer, which leads to the subsequent formation of crack-free GaN epilayers 
on Si(001) substrate. Detailed STEM studies suggest that the resulting GaN epilayers are nearly 
free of dislocations and SFs. Controlled p-type conduction is further achieved for Mg-doped GaN 
epilayers. Hole concentrations in the range of 5×1016 - 5.6×1017 cm-3 were measured at room 
temperature, with mobility values ~ 3 cm2/V·s. Moreover, we have demonstrated a functional 
InGaN/GaN LEDs on Si(001) substrate, wherein the active region and p-contact layer consist of 
InGaN/GaN disk-in-nanowires (DINW) and Mg-doped GaN epilayers, respectively. The devices 
exhibited a turn on voltage of 2.7 V and strong emission at 525 nm. These studies offer a new path 
for potentially achieving high performance GaN-based optoelectronic devices on low cost, large 
area Si substrates.   
6.3 Epitaxial Growth of Mg-doped GaN Epilayers on Si(001) Substrate 
To evaluate the effects of the growth temperature on the radial growth rate of nanowires, 
we performed a series of two-step experiments. The first step is identical for all samples and 
consists of the synthesis of a vertically aligned GaN nanowire template, which has a height of 360 
nm, with an areal density of 2×1010 cm-2 and an average diameter of 35 nm on Si(001) substrate, 
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illustrated in Figures 6.1a and 6.1e. During the second step, in order to induce lateral GaN growth 
following the growth of vertically aligned GaN nanowire template, the growth temperature is 
reduced and varied among the samples between 570 °C and 790 °C while the Ga and N flux are 
kept the same. The overgrowth duration for all the investigated samples was set to 15 mins. In 
contrast to the one-step growth experiment, this approach allows us to elucidate the influence of 
growth temperature on the axial and radial growth rate. Cross-sectional and plan-view SEM 
images of samples with the overgrowth temperature at 790 °C, 680 °C and 570 °C are shown in 
Figures 6.1b and 6.1f, 6.1c and 6.1g, 6.1d and 6.1h, respectively. It is observed that, with 
decreasing growth temperature, the nanowire length decreases, accompanied with an increase in 
the diameter, indicating that an opposing trend exists between the axial and lateral growth modes 
with decreasing temperature. Variations of the lateral growth rate vs. growth temperature are 
plotted in Figure 6.2. Specifically, at 790 °C, the nanowire primarily grows along the c-axis with 
an axial growth rate of 6 nm/min while the nanowire diameter remains nearly constant. At the 
lowest growth temperature of 570 °C, the axial growth rate reduces to 3.5 nm/min, close to the 
impinging Ga flux rate of 3.3 nm/min, while the lateral growth rate increases to 1.8 nm/min, a 
value comparable to the axial growth rate. The controlled scaling behavior can be well explained 
by taking into account the temperature-dependent Ga adatom diffusion, desorption and 
incorporation on both the top and side facets of nanowires.[66,70,178,179] At a high growth 
temperature, Ga adatoms feature a large diffusion length L  of 40-45 nm.[70,180] Ga atoms 
impinging on the nanowire sidewall at distances to nanowire top facet less than L  will be collected 
by the nanowire tip, resulting in an axial growth rate larger than the Ga impinging flux rate. On 
the other hand, Ga adatoms that impinge on the nanowire side facets with a distance to the top 
surface larger than L  are thermally desorbed, leading to a negligible lateral expansion and a 
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primary one-dimensional axial growth mode. At a reduced growth temperature, however, both the 
thermal desorption and lateral migration of impingent Ga adatoms on the nanowire side facets are 
reduced, which lead to significantly enhanced lateral growth rate and simultaneously, a suppressed 
axial growth rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Cross-sectional and plan-view SEM images, respectively, of the GaN nanowire template grown at 790 ºC 
(a/e) and the overgrown nanowires at 790 ºC (b/f), 680 ºC (c/g) and 570 ºC (d/h). All the scale bars are 500 nm.[160] 
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Figure 6.2. Temperature dependence of lateral growth rate (left axis) and axial/lateral growth rate ratio (right axis) of 
the overgrown GaN. The dots represent the experimental data, the solid blue and red lines are guidance to eye.[160] 
6.4 Structural Characterization of Mg-doped GaN Epilayers on Si(001) Substrate 
Figure 6.3a shows the cross-sectional SEM image of a planar GaN film after LEO duration 
of 4 hours at 630 °C. It can be observed that a fully coalesced, crack-free planar GaN epilayer of 
~800 nm is formed atop the GaN nanowire template. The transition region between the GaN 
nanowires and planar GaN film features a small thickness of ~150 nm. The morphology is in sharp 
contrast with previously reported results where epilayer overgrowth proceeds by filling in the gaps 
between the nanowires under a metal rich growth condition. The bird’s eye view SEM image 
(Figure 5.3b) of the fully coalesced GaN epilayer features a relatively flat surface where crystal 
grain mosaicity can be observed. The mechanism of the grain formation is discussed later.  
 
 
 
 
 
 
Figure 6.3 (a) A cross-sectional SEM image of overgrown GaN epilayer on GaN nanowire on Si (001) substrate. 
Scale bar: 500 nm. (b) Bird’s-eye-view SEM image of overgrown GaN epilayer on GaN nanowire on Si (001) 
substrate. Scale bar: 2.5 µm. (c) XRD rocking curves of 600 nm GaN nanowire grown at 790 ºC on (001) Si substrate 
and 800 nm thick coalesced GaN grown at 630 ºC on Si.[160] 
A cross-sectional specimen of the grown planar GaN epilayer was further prepared by 
using an in-situ lift-out method performed using a FEI Helios 650 FIB/SEM dual beam system. 
Structural properties of the sample were studied using a JEOL JEM-3100R05 analytical electron 
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microscope with double Cs-correctors operated at 300 keV. Selected area electron diffraction 
(SAED) patterns were taken in TEM mode, and both HAADF and BF images were taken in STEM 
mode simultaneously from same sample regions. Figure 6.4(a) shows the typical low 
magnification cross-sectional STEM-BF image of a fully coalesced GaN epilayer on top of GaN 
nanowires grown under nitrogen rich condition, wherein a sharp interface between the nanowire 
template and overgrown layers is further confirmed. The GaN nanowires feature a high uniformity 
in height and diameter and are also vertically aligned with the Si(001) substrate. Such GaN 
nanowires are nearly free of dislocations.[181] The variations in contrast from one region to 
another in the image indicate that the grown GaN epilayer atop GaN nanowire features multiple 
domains as pointed by the red arrows, indicating the existence of crystal grain mosaicity. A 
detailed examination of the epilayer microstructure was further performed by atom-resolved 
STEM imaging. Shown in Figures 6.4b and 6.4d are two high-resolution (HR) HAADF images 
taken at two adjacent boxed regions outlined as orange and red, respectively, in Figure 6.4a. No 
TDs or SFs were observed within each domain in the GaN epilayer. FFT power spectrum (shown 
in Figure 6.4c) of Figure 6.4b, as well as SAED pattern (Figure 6.4e) taken from the same region 
of Figure 6.4d confirms that the GaN film grows along the [0001]  direction. The boundary 
(magenta boxed region) between the two adjacent domains was also studied by HR-STEM 
HAADF imaging (Figure 6.4f). It can be observed that while the 1120   zone axis of the right 
domain is resolved, the left domain appears as totally featureless, indicating in-plane 
crystallographic orientation varies across the boundary. Therefore, the origin of domain formation 
can be attributed to in-plane crystallographic misalignment between the two adjacent domains. 
Figure 6.4g further shows a HR-HAADF image taken from the transition region with only a few 
edge dislocations observed, which manifest a drastically decreased density as the growth evolves 
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into fully coalesced GaN epilayer. Shown in Figure 6.4h is the inverse FFT image of Figure 6.4g, 
which clearly shows that the periodicity of the edge dislocation increases as the epitaxy proceeds 
along the [0001]  direction, showing a self-crystallographic alignment effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. (a) Low magnification cross-sectional STEM BF image of overgrown GaN epilayer on GaN nanowire on 
Si (001) substrate. The red arrows point to the coalescence boundaries. (b, d, f) HR-STEM images of orange, red and 
magenta boxed region in the fully coalesced GaN epilayer. (c) FFT image of (b), and (e) SAED pattern of (d) show 
that the GaN epilayer grows along the c-axis direction. (g) HR-HAADF image from the yellow boxed region in the 
transition zone showing a reducing edge dislocation density along the growth direction. (h) Fourier-filtered HR-
HAADF image corresponding to the (1010)  plane showing the increased dislocation periodicity as the epitaxy 
proceeds along the [0001]  direction.[160] 
6.5 Photoluminescence, Hall Measurement and Electroluminescence Measurement Results 
For practical device applications, it is essential to demonstrate efficient p-type conduction 
in the coalesced GaN layers on Si(001) substrate. Schematic shown in Figure 6.5a is the coalesced 
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p-GaN epilayers for Hall effect measurement, which consists of 400 nm thick non-doped GaN 
nanowire grown on Si(001) substrate, a 250 nm thick non-doped GaN transition region, and a 750 
nm thick Mg-doped GaN epilayer. We confirmed that the non-doped GaN transition layer had a 
high resistivity of 2×108 Ω·cm, suggesting a very low background carrier concentration which can 
be attributed to the reduced density of donor-related defects and high crystalline quality.[182,183] 
The Mg-doped GaN epilayers were grown at 630 ºC with Mg cell temperatures varied in the range 
of 240-320 °C. Hall measurements were performed at room temperature on the p-GaN film using 
van der Pauw patterns. The metal contacts consist of Ni (20 nm)/Au (100 nm) deposited by e-beam 
evaporator and were annealed at 550 ºC in N2 ambient for 1 min to form ohmic contact. Shown in 
Table I, the hole concentrations first show an increasing trend with increasing Mg cell temperature 
and reach a maximum value of 5.6×1017 cm-3 for Mg cell temperature 290 °C. Further increasing 
Mg cell temperature to 320 °C, however, results in a reduced hole concentration to 2×1016 cm-3, 
which is likely due to the formation of compensation defects at high doping 
concentrations.[184,185] To our knowledge, this is the first report on the demonstration of 
controlled p-type conduction for Mg-doped GaN epilayers through nanowire coalescence on Si 
substrate. Figure 6.5b shows the room temperature PL obtained from the p-GaN epilayer with the 
highest hole concentration. The inset of Figure 6.5b is the cross-sectional SEM image of the 
corresponding sample in which the three layers are clearly identified. The emission features a 
dominant 3.2 eV peak which can be attributed to the isolated Mg acceptors related free to bound 
recombination (Mg0, e) in line with previous reports.[186,187] Some additional equally spaced 
(~0.13 eV) peaks are also observed, which matches the Fabry-Perot mode originating from the 
reflection between the p-GaN/air interface and the planar GaN/nanowire interface.  
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Figure 6.5. (a) Schematic consists of p-GaN epilayer, non-doped GaN transition layer and non-doped GaN nanowire 
on Si (001) substrate. (b) Measured PL spectrum from Mg-doped GaN with hole concentration of 5.6×1017 cm-3 at 
300 K. The inset shows a cross-sectional SEM image of the corresponding sample with 750 nm thick p-GaN epilayer, 
250 nm thick non-doped GaN epilayer and 400 nm thick non-doped GaN nanowire on Si (001) substrate.[160] 
6.6 InGaN/GaN Nanowire LEDs with Coalesced p-GaN as Hole Injection Layer 
Finally, with the use of coalesced GaN epilayer, we have demonstrated a functional 
nanowire LED on Si (001). The device heterostructure consist of p (planar GaN)-i 
(10×In0.34Ga0.66N/GaN DINW array)-n (GaN nanowire), shown in the inset of Figure 
6.6.[188,189] The p-GaN film was grown under the same conditions as described above. The 
device area of 300×300 µm2 was defined through standard lithography followed by mesa etching. 
The p-ohmic contact on the top planar GaN layer was formed with Ni/Au and the n-ohmic contact 
was formed on the silicon substrate using Al. The measured current voltage characteristics are 
shown in Figure 6.6, which exhibit a sharp turn on voltage of 2.75 V. A small leakage current ~50 
nA is measured under 3 V reverse bias. The device exhibit strong emission in the green spectrum. 
  72
The measured electro-luminescence spectrum under an injection current density 117 A/cm2 is 
shown in the lower inset of Figure 6.6. It is worth noting that compared with previously reported 
conventional nanowire based LED on Si substrate, the incorporation of planar p-GaN contact layer 
significantly reduces the fabrication complexity of nanowire array based devices.[190-192] 
Furthermore, the planar p-GaN epilayer also contributes to forming a more robust electrical 
connection with the metal contact, leading to more stable device operation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. I-V characteristics of the p(planar GaN)-i (10×In0.34Ga0.66N/GaN DINW array)-n(GaN nanowire) on n-
type(001) Si. The insets show the device schematic and EL of the fabricated p-i-n LED at room temperature under an 
injection current density of 117 A/cm2.[160] 
6.7 Summary 
In conclusion, we have demonstrated controlled p-type conduction of GaN epilayers grown 
on Si(001) substrate through nanowire coalescence. We have shown that the axial/lateral growth 
rate ratio can be drastically modulated by varying the growth temperature. This controlled scaling 
behavior leads to the formation of high quality, nearly dislocation-free, fully coalesced planar GaN 
epilayer obtained on top of the nanowire array. Detailed STEM studies further confirm the GaN 
epilayer on Si(001) substrate is nearly free of TDs and SFs while its in-plane crystallographic 
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orientation varies from region to region. The highest obtained hole concentration is 5.6×1017 cm-3 
at room temperature, with hole mobility ~3 cm2/V·s. The realization of relatively efficient p-type 
conduction of coalesced GaN epilayers is further confirmed by the demonstration of a GaN-based 
nanowire LED on Si substrate, wherein a Mg-doped GaN coalesced epilayer serves as the p-
contact layer. This work provides a cost-effective approach for realizing high performance GaN-
based devices on large area Si substrate.  
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Chapter 7 Micrometer Scale InGaN Green Light Emitting Diodes with Ultra-
Stable Operation 
7.1 Author Contribution and Copyright Disclaimers 
The contents of this chapter were submitted to AIP Publishing’s Applied Physics Letters 
in March 2020, for which I retain the right to include it in this thesis/dissertation, provided this 
thesis/dissertation is not published commercially. The co-authors were Xianhe Liu, Yakshita 
Malhotra, Yi Sun, and Zetian Mi from the University of Michigan. I designed and conducted part 
of the work. X. L. conducted theoretical simulation and contributed to the device fabrication and 
EL measurements. X. L. and Y. M. contributed to the PL measurements. X. L., Y. M. and Y. S. 
contributed to the material growth process and related substrate preparation. The work was 
supervised by Z. M., who contributed to the design of the experiments. The work was supported 
by NS Nanotech Inc. The authors are also thankful for the discussions with Dr. Matthew Stevenson 
and Mr. Seth Coe-Sullivan from NS Nanotech Inc. 
7.2 Introduction 
High efficiency, high brightness LEDs with sizes on the order of micrometer scale are 
highly desired for a broad range of applications, including ultrahigh resolution mobile displays, 
virtual/mixed/augmented reality, and biomedical sensing and imaging, to name just a few.[193-
204] In this regard, the development of GaN-based micro LEDs has attracted significant interest 
in the past decade. To date, however, it has remained challenging to realize high efficiency LEDs 
on the micrometer scale using conventional organic, or inorganic materials. While GaN-based 
large area blue QW LEDs can exhibit high efficiency emission, the efficiency degrades drastically 
with reducing device size, which has been limited, to a large extent, by the surface recombination 
and poor p-type conduction induced by top-down etching.[205-207] Moreover, to achieve green 
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emission, relatively high indium compositions are required in the QW active region, which 
increases the formation of defects, dislocations, and phase separation, resulting in weak and broad 
emission and therefore poor device efficiency and color quality.[208-210] The performance of 
InGaN-based QW LEDs also suffers severely from quantum-confined Stark effect, particularly in 
the green spectrum, due to the strain-induced polarization field, which leads to unstable operation, 
e.g., significant shift in the emission wavelengths with increasing current.[211,212] Organic LEDs, 
on the other hand, suffer from poor stability, low brightness and drastically reduced efficiency 
with decreasing size.[213] 
Recent advances of III-nitride nanocrystals provide distinct opportunities to realize 
micrometer scale light emitters with high efficiency and highly stable operation.[197,214-219] 
Due to the efficient surface strain relaxation, such nanostructures are largely free of 
dislocations.[220-224] While considerable efforts have been devoted to nanowire LEDs with a 
lateral p-i-n configuration by metal-organic chemical vapor deposition (MOCVD),[225-232] 
recent studies suggested that nanowire LEDs employing a vertical p-i-n configuration can 
significantly simplify the device fabrication process.[17,218,233] The emission wavelengths can 
be tuned across nearly the entire visible spectrum by varying indium compositions in the quantum 
dots embedded in the nanowire structure.[197,234] Surface recombination, a major limiting factor 
for the efficiency of nano and microscale LEDs, can be largely suppressed by employing a unique 
core-shell structure surrounding the device active region.[235,236] Significantly, highly stable and 
efficient photoluminescence emission, which is insusceptible to temperature-dependent bandgap 
and quantum-confined Stark effects commonly seen in wurtzite InGaN structures, was observed 
in InGaN nanowire structures by employing the scalable band-edge modes in InGaN nanowire 
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photonic crystals.[237] To date, however, the realization of such devices on the micrometer scale 
under direct electrical injection has remained elusive despite a report on large area devices. 
In this work, we report on the demonstration of InGaN photonic nanocrystal tunnel junction 
surface-emitting green LEDs, which are designed to operate at the Γ point of the photonic band 
structure. The device active region has an areal size of ~3 µm2. The EL spectra exhibit a very 
narrow linewidth of ~4 nm, which is nearly five to ten times smaller than that of conventional 
InGaN QWs operating in this wavelength range. Significantly, the device shows highly stable 
emission. There are virtually no variations of the emission peak with increasing current density, 
suggesting the insusceptibility to quantum-confined Stark effect if there is. There are virtually no 
variations of the emission peak with increasing current density, suggesting the absence of 
quantum-confined Stark effect. The external quantum efficiency exhibits a sharp rise with 
increasing current and reaches a maximum at ~5 A/cm2, which is comparable to conventional blue 
QW LEDs. A relatively small (~30%) efficiency droop was measured at an injection current 
density over 200 A/cm2 at room temperature. Such small size, ultra-stable LEDs are ideally suited 
for near-eye display applications.  
7.3 Optical Design of InGaN Photonic Nanocrystal LEDs 
The optical design of InGaN photonic nanocrystal LEDs is first described. Schematically 
shown in Figure 7.1a, the nanocrystal array is arranged in a triangular lattice, with the lateral size 
and lattice constant of the nanocrystals denoted as d and a, respectively. Shown in Figure 7.1b is 
the energy band diagram calculated using two-dimensional (2D) finite-element method for 
nanocrystal array with d =298 nm and a =280 nm. In this work, the InGaN photonic nanocrystal 
LEDs are designed to operate at the Γ point of the 4th band (the blue curve in Figure 7.1b) photonic 
band structure where the in-plane wavevector is zero. As such, the overall wavevector is along the 
  77
vertical direction of the photonic nanocrystal array, which leads to direct surface emission. 
Furthermore, the group velocity is significantly reduced at the Γ point, resulting in long interaction 
time for the optical field and the active medium. Strong resonance at the corresponding wavelength 
can therefore be expected, which can lead to significantly reduced spectral linewidth. The 
normalized frequency of the Γ point of the 4th band is ~ 0.504, which corresponds to a wavelength 
of ~555 nm for the lattice constant 280 nm. Since the emission is largely governed by the optical 
resonance of the photonic nanocrystal, rather than the semiconductor active medium itself, light 
emission of such LEDs is expected to be highly stable and relatively invariant with temperature 
and injection current.  
 
Figure 7.1. (a) Schematic for a triangular lattice photonic crystal with a lattice constant a and a lateral size of d. (b) 
The band structure of a triangular lattice photonic crystal with a lattice constant a=280 nm and a lateral size 
d=298nm. 
7.4 Epitaxy and Characterization of InGaN Photonic Nanocrystal LEDs 
Experimentally, the technique of SAE was used to grow InGaN photonic nanocrystal LED 
structures. The growth was performed on n+-GaN template on sapphire substrate using a Veeco 
GEN 930 MBE system equipped with a radio frequency plasma-assisted nitrogen source. Shown 
in Figure 7.2a, the LED structure consists of ~450 nm n+-GaN layer, six vertically aligned 
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InGaN/AlGaN quantum dots, 60 nm p+-AlGaN cladding layer, p++-GaN/n++-GaN tunnel junction, 
60 nm n-GaN layer and n++-GaN contact layer. Si and Mg were used as the n and p-type dopant, 
respectively. The use of AlGaN, instead of GaN barrier during the growth of quantum dot active 
region promotes the formation of an Al-rich AlGaN shell structure surrounding the active region, 
which can significantly reduce surface recombination. In this study, the average Al composition is 
estimated to be ~5%.[214,236] Prior to the growth process, nano-patterned substrates were 
prepared for the SAE of nanocrystals to facilitate the formation of highly regular nanocrystal 
arrays. Firstly, a thin (~10 nm) Ti layer was deposited as the growth mask on GaN-on-sapphire 
substrate. E-beam lithography and reactive ion etching techniques were used to define openings 
on the Ti mask. Under optimum growth conditions, nanocrystals were only formed in the opening 
apertures, with no epitaxy taking place on the Ti mask layer. The resultant nanocrystal arrays are 
shown in Figure 7.2b, which exhibit very high uniformity in position and dimension. 
Photoluminescence spectrum is collected using a fiber placed exactly on top of the sample at a 
distance of one inch and the acceptance angle is estimated to be ~1.13̊. With careful control over 
the spacing between nanocrystals and the lattice constant, strong resonance in the green spectrum 
is observed from the PL of an InGaN photonic nanocrystal array with a lattice constant of 280 nm 
and a spacing of around 20 nm, shown in Figure 7.2c. Too thin layer above the active region can 
prevent the observation of such strong resonant peak, which is considered to be due to poor optical 
confinement in the vertical direction or poor optical isolation from the scattering loss at the non-
flat nanocrystal/air boundary. 
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Figure 7.2. (a) Schematic of the InGaN dot-in-nanowire tunnel junction LED heterostructure. (b) SEM image of an 
InGaN photonic nanocrystal array. The scale bar represents 500 nm. (c) PL spectrum for an InGaN photonic 
nanocrystal array measured at room temperature, showing a pronounced emission peak corresponding to the 
resonance wavelength of the Γ point in the photonic band structure.  
7.5 Fabrication of InGaN Photonic Nanocrystal LEDs 
Microscale LEDs were subsequently fabricated using the photonic nanocrystal arrays 
grown by SAE. The device schematic is shown in Figure 7.3a. The fabrication process is similar 
to that of conventional planar QW LEDs. A 300 nm thick silicon dioxide layer was firstly deposited 
by plasma-enhanced chemical vapor deposition for surface passivation and isolation. 
Photolithography and wet chemical etching were performed to create openings in the silicon 
dioxide layer, which defines the device active area for current injection. A metal stack consisting 
of 5 nm Ti and 5 nm Au was deposited by e-beam evaporation. Subsequently, a 180 nm thick 
indium tin oxide layer was deposited by sputtering. A metal stack of 5 nm Ti and 5 nm Au was 
also deposited on the n-type GaN template as the n-contact metal. An annealing was then 
performed at 400 ̊C for one minute under nitrogen ambient. Finally, a thick metal layer was 
deposited by e-beam evaporation as the contact pad to facilitate electrical probing and 
measurements. The current-voltage (I-V) characteristics are shown in Figure 7.3b. The device has 
a turn-on voltage ~4 V, with negligibly small reverse bias leakage. The current density can readily 
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reach 100 A/cm2 at ~7 V without any degradation of the I-V characteristics. The electrical 
performance can be further improved by optimizing the doping and fabrication process. Shown in 
the inset of Figure 7.3b is the image of an LED taken under room light, showing strong green light 
emission.   
 
Figure 7.3. (a) Schematic of a fabricated microscale LED (not drawn to scale). (b) I-V characteristics of InGaN 
photonic nanocrystal LED. Inset: image of a microscale LED under room light, showing strong green emission. 
7.6 Output characteristics of InGaN Photonic Nanocrystal LEDs 
The output characteristics of InGaN photonic nanocrystal LEDs were further measured in detail. 
The electroluminescence (EL) spectra were measured using fiber in the same way as 
photoluminescence for current densities varying from 0.5 A/cm2 to over 200 A/cm2, shown in Fig. 
4(a). The EL spectra were measured for current densities varying from 0.5 A/cm2 to over 200 
A/cm2, shown in Figure 7.4a. The emission spectra exhibit a pronounced peak emission at ~548 
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nm. The spectral linewidths are measured to be ~4 nm, which is nearly five to ten times smaller 
than those of conventional InGaN QW LEDs in this wavelength range. Moreover, it is seen that 
the emission peak does not show any noticeable shift or broadening with increasing current. Such 
distinct emission characteristics have not been measured in any conventional planar InGaN QW 
LEDs in this wavelength range. The relative EQE, defined as the integrated EL intensity divided 
by current density, is shown in Figure 7.4b. The relative EQE shows a sharp increase with injection 
current density and reaches a maximum at ~5 A/cm2, which exhibits a trend that is comparable to 
conventional high efficiency blue LEDs.[196] The sharp rise of EQE with injection current 
suggests a very small Shockley-Read-Hall recombination coefficient, which is attributed to the 
significantly reduced defect formation in nanocrystals and suppressed nonradiative surface 
recombination with the use of core-shell dot-in-nanowire active region. The efficiency droop is 
moderate, with only ~30% drop in the EQE at a current density of more than 200 A/cm2. Such 
moderate efficiency droop also suggests a small Auger recombination coefficient in nearly defect-
free InGaN nanocrystals.  
 
Figure 7.4. (a) EL spectra of InGaN photonic nanocrystal LED measured under varying injection current at room 
temperature. (b) Variations of relative EQE vs. injection current density. 
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More detailed analysis on the emission properties of InGaN photonic nanocrystal LEDs 
were further performed. Shown in Fig. 5(a), the peak position remains extremely stable within a 
range of 0.13 nm centered at ~548 nm as the injection current density increases from 0.5 A/cm2 to 
211 A/cm2. Shown in Figure 7.5a, the peak position remains extremely stable at ~548 nm as the 
injection current density increases from 0.5 A/cm2 to 211 A/cm2. Significantly, the spectral 
linewidths are nearly invariant with injection current. Variations of the full-width-at-half-
maximum (FWHM) of the EL spectra are shown in Figure 7.5b. The FWHM only varies between 
3 nm and ~3.7 nm as the injection current density increases from 0.5 A/cm2 to 211 A/cm2. It is 
worthwhile mentioning that these measurements were performed at room temperature without any 
active cooling. For comparison, conventional InGaN QW light emitters in this wavelength range 
suffer severely from quantum-confined Stark effect, which exhibits significant blue-shift in the 
emission with increasing current, accompanied with a large spectral broadening due to band filling 
effect. The extraordinary stability of InGaN photonic nanocrystal LEDs is attributed to the reduced 
strain distribution of InGaN dot-in-nanowire structures and, more importantly, the strong 
resonance at the Γ point of the photonic band structure, which largely governs the emission 
characteristics and is only determined by the geometry of photonic nanocrystals. These studies 
further suggest that InGaN photonic nanocrystals grown by MBE are extremely stable even under 
harsh operating conditions. Such ultra-stable small size LEDs without the use of any active cooling 
is highly desired for near-eye display applications. It is also worth pointing out that the FWHM 
depends on the acceptance angle of the collected emission because the emissions at other 
wavelengths, which is at other angles, are not suppressed. Large acceptance angle inevitably 
collects light at other wavelengths emitted at various oblique angles, which makes the overall 
spectrum broader. 
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Figure 7.5. Variations of (a) peak position and (b) FWHM with injection current density. 
The far-field angular distribution of the emission was studied by collecting EL emission 
with a fiber mounted on a rotation stage. The distance between the fiber and the LED is one inch. 
The angular resolution is 2̊. The EL intensity at each emission/collection angle was calculated by 
integrating over a spectral range from 543 nm to 553 nm. Shown in Figure 7.6 is the angular 
distribution of the EL intensity. It is seen that the emission is mainly distributed along the vertical 
direction, with a divergence angle ~10 degrees. This small divergence angle does not come from 
reflection by metal layers in surrounding regions since they are on a non-flat SiO2 layer 
conformally deposited on nanocrystals and thus non-flat and nonideal for directional reflection. 
Such optics-free, highly directional emission is directly related to the surface-emission mode at 
the Γ point of InGaN photonic nanocrystal structures described earlier, which can greatly simplify 
the design and reduce the cost of next-generation ultrahigh resolution display devices and systems.  
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Figure 7.6. Far-field angular distribution of EL intensity. 
7.7 Summary 
In conclusion, we have demonstrated microscale green LEDs utilizing InGaN photonic 
nanocrystals. By exploiting the unique resonance properties of the photonic band structure, we 
show that such microscale devices can exhibit distinct emission characteristics, including a spectral 
linewidth that is five to ten times narrower than that of conventional InGaN QW LEDs, ultra-stable 
operation with the absence of QCSE commonly seen in QW devices in this wavelength range, and 
highly directional emission. Moreover, the micrometer size LEDs exhibit a small efficiency droop 
under high injection current. This study offers a new approach for achieving high efficiency, high 
brightness light emitters for next generation displays and for applications in the emerging 
virtual/mixed/augmented reality devices and systems. 
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Chapter 8 Conclusion and Future Work 
8.1 Summary of Present Work 
This thesis focuses on addressing some challenges in current green and UV LEDs by using 
III-nitride nanocrystals. III-nitride nanowires were synthesized through self-assembly and SAE on 
commercial Al2O3(001) and Si(111)/(001) substrates. InGaN with ~34% In composition was used 
for green emission and AlGaN with different Al compositions were used for UV-B and UV-C 
emissions. Chapter 3 to Chapter 6 focus on nanowires grown spontaneously on Si(111)/(001) or 
Al-coated Si(001) substrates. A series of growths with different III/V ratios, substrate temperatures 
have been performed and the optical and electrical properties of the as-grown materials have been 
systematically characterized by various of techniques including XRD, SEM, STEM, PL, I-V, EL, 
etc. The effects of different growth parameters on nanowire array morphology, defect formation 
and doping levels have been studied, which are paramount for high-performance optoelectronic 
devices. In Chapter 7 and 8, the SAE technique involving pre-masked substrate were discussed, 
which provides more precise manipulation on nanocrystal array properties including uniformity, 
density and light emitting properties. We show that nanocrystals grown by SAE with pre-designed 
lattice constant and spacing can form a two-dimensional photonic crystal, wherein the in-plane 
light propagation and the out-plane coupling properties including light extraction efficiency and 
directionality can be readily varied.  
Chapter III focuses on controlling the large densities of defects and the extremely poor 
current conduction issues in AlN which is a ultrawide bandgap material and has tremendous 
promise for high-efficiency DUV optoelectronics and high-power/frequency electronics. Through 
a combined theoretical and experimental study, it is shown that such a critical challenge can be 
addressed for AlN by utilizing N-rich epitaxy. Under N-rich conditions, the p-type Al-
substitutional Mg-dopant formation energy is significantly reduced by 2 eV, whereas the formation 
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energy for N-vacancy related compensating defects is increased by ~3 eV, both of which are 
essential to achieve high hole concentrations of AlN. Detailed analysis of the I-V characteristics 
of AlN p-i-n diodes suggests that current conduction is dominated by charge-carrier tunneling at 
room temperature, which is directly related to the activation energy of Mg dopants. At high Mg 
concentrations, the dispersion of Mg acceptor energy levels leads to drastically reduced activation 
energy for a portion of Mg dopants, evidenced by the small tunneling energy of 67 meV, which 
explains the efficient current conduction and the very small turn-on voltage (~5 V) for the diodes 
made of nanoscale AlN. This work shows that nanostructures can overcome the dopability 
challenges of ultrawide-bandgap semiconductors and increase the efficiency of devices. 
Chapter IV reports on the molecular beam epitaxy and characterization of monolayer GaN 
embedded in N-polar AlN nanowire structures. DUV emission from 4.85 to 5.25 eV is measured 
by varying AlN barrier thickness. Detailed optical measurements and direct correlation with first-
principles calculations based on density functional and many-body perturbation theory suggest 
that charge carrier recombination occurs predominantly via excitons in the extremely confined 
monolayer GaN/AlN heterostructures, with exciton binding energy exceeding 200 meV. We have 
further demonstrated DUV LEDs incorporating single monolayer and double monolayer GaN, 
which emits light at 238 nm and 270 nm, respectively. These unique DUV LEDs exhibit highly 
stable emission and a small turn on voltage around 5 V.  
Chapter V demonstrated the epitaxial growth of AlGaN nanowires on Al coated Si(001) 
substrate. The as-grown nanowires feature diameters of >200 nm and relatively uniform height 
distribution. AlGaN nanowires with emission wavelengths from 340 nm to 288 nm have been 
successfully achieved by varying Al/Ga BEP ratio and growth temperature. Detailed structural 
characterization suggests that AlGaN nanowires grown on Al template are free of dislocations. We 
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have further demonstrated functional AlGaN nanowire DUV LEDs, which exhibit a turn-on 
voltage of 7 V and a single peak EL emission at 288 nm. The realization of high quality AlGaN 
nanostructures on reflective Al template provides a promising approach for achieving high 
efficiency DUV light emitters. 
Chapter VI reports on a detailed investigation of MBE and characterization of GaN 
epilayers on Si(001) substrate through controlled nanowire coalescence. By varying the substrate 
temperature, the axial/lateral growth ratio of GaN nanowires on Si(001) can be modulated by 
nearly two orders of magnitude. As such, the transition from GaN nanowire arrays to coalesced 
GaN epilayers can be obtained through a relatively thin (~150 nm) intermediate layer, which leads 
to the subsequent formation of crack-free GaN epilayers on Si(001) substrate. Detailed STEM 
studies suggest that the resulting GaN epilayers are nearly free of dislocations and SFs. Controlled 
p-type conduction is further achieved for Mg-doped GaN epilayers. Hole concentrations of 
~5.6×1017 cm-3 were measured at room temperature, with mobility values of ~3 cm2/V·s. 
Moreover, we have demonstrated functional InGaN/GaN LEDs on Si(001) substrate, wherein the 
active region and p-contact layer consist of InGaN/GaN disks-in-nanowires and Mg-doped GaN 
epilayers, respectively. The devices exhibited a turn on voltage of 2.7 V and strong emission at 
525 nm.  
In Chapter VII, we report on the demonstration of InGaN photonic nanocrystal LEDs, 
which operate in the green wavelength (~548 nm). The devices are designed to operate at the Γ 
point of the photonic band structure and exhibit a spectral linewidth ~4 nm, which is nearly five 
to ten times narrower than that of conventional InGaN QW LEDs in this wavelength range. 
Significantly, the device performance, in terms of the emission peak and spectral linewidth, is 
nearly invariant with injection current, suggesting the absence of QCSE commonly seen in InGaN 
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QWs. The external quantum efficiency is characterized by a sharp rise with increasing current and 
reaches a maximum at ~5 A/cm2, which is comparable to conventional blue QWs LEDs. A 
relatively small (~30%) efficiency droop was measured at an injection current density over 200 
A/cm2 at room temperature without any active cooling. 
8.2 Future work 
8.2.1 Electrically Driven AlGaN Photonic Crystal Surface Emitting Lasers 
UV and DUV light sources are in high demand in daily life, industrial and research area. 
The UV light at sufficiently short wavelengths can be used as a disinfection method (ultraviolet 
germicidal irradiation, UVGI) to kill or inactivate microorganisms or pathogens, since it can 
destroy the nucleic acids in these organisms so that their DNA is disrupted.[238] Therefore, it is 
useful for sterilization and water/air purification. UV light can accelerate the decomposition of 
organic compounds, which provides better solutions for environmental pollution and plastic 
recycling. UV radiation is helpful in the treatment of skin conditions such as psoriasis and vitiligo 
(UV light therapy).[239] Photography by reflected UV radiation is useful for medical, scientific, 
and forensic investigations, for the applications of detecting bruising of skin, alterations of 
documents, or restoration work on paintings. UV photography can also be used in astronomy to 
identify the chemical compositions of the interstellar medium, the temperature and the 
compositions of stars.[240] The fluorescence produced by UV illumination can be used in 
mineralogy, gemology, chemical sensors, fluorescent labelling, biological detectors and so 
on.[241] High-power UV light can be used for a speed curing process by photochemical reaction 
that instantly cures inks, adhesives and coatings.[242] UV spectroscopy, along with visible and IR 
spectroscopy, is routinely used to qualitatively determine the presence of elements and organic 
compounds by using absorption or transparency of the sample.[240] 
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However, the primary limitation of current applications is the existing UV and DUV 
sources. The conventional UV light sources are mercury lamps, Nd:YAG (solid-state) lasers or 
excimer lasers (for example ArF and Ar2 lasers). These sources suffer from a low level of 
performance, poor reliability, significant size, and the emission of toxic substances. Compared 
with conventional light sources, semiconductor light-emitting devices are an ideal choice due to 
their reliability, compactness and high efficiency.  
Semiconductor light-emitting devices have three configurations: LEDs, LDs with edge 
emission and surface emission. Compared with other two configurations surface-emitting lasers 
have various advantages. The emission light is perpendicular to the surface, so it could be 
integrated into two dimensional arrays. A large number of devices could be integrated on one wafer 
to give high output power. Circular beam makes it easy to be coupled into the fiber. Besides, it 
could be tested on wafer level during processing which greatly decreases the manufacturing cost. 
Compared to edge-emitting lasers, it has low temperature sensitivity due to its single-longitudinal-
mode cavity. 
The unique characteristics have enabled surface-emitting lasers as preferred optical sources 
in advanced biomedical sensing, including patient diagnostics, instruments for surgical 
procedures, and sensors attached directly to the body for monitoring purposes. Surface-emitting 
lasers operating at wavelengths of the UV-C band are potential enabling devices for small particle 
detection, high-accuracy medical treatment and high-resolution surface monitoring. For example, 
living subjects sensed commonly need to be immobilized, anesthetized, and repeatedly positioned. 
Changes in distance and orientation between the excitation source and subject may adversely affect 
spatial resolution and sensitivity.[243] Continuous long-term (days to weeks) sensing is 
impossible. UV surface-emitting lasers are particularly beneficial due to its smaller dimension, 
  90
less than or equal to 100 μm, which makes it most useful for in vivo biomedical applications where 
small size and high flexibility enable improved and less-traumatic access to remote areas of the 
body.[244] In addition, highly directional UV surface-emitting lasers with small divergence angle 
and high stability can be used for photodynamic medical therapies requiring minimally invasive 
treatment, in addition to a range of dermatological treatments, catheters, and other medical laser 
applications and diagnostic testing.  
Despite of the fact that the emission wavelength of III-nitride surface-emitting lasers has 
completely covered the full visible spectrum, and the quantum cascade lasers based on the 
principles of electrons conducting intersubband transition in the QWs and the phonon-assisted 
resonant tunneling have also expanded the achievable wavelength range to the infrared and the 
terahertz regimes, it is of great challenge to develop the short-wavelength semiconductor lasers, 
especially the UV-C band semiconductor lasers. Since the first demonstration in 2008, there have 
been several groups that have reported electrically injected GaN-based surface-emitting lasers, 
wherein most of the reports have emission wavelengths above 400 nm.[245,246] The development 
of electrically pumped AlGaN based UV surface-emitting lasers has been limited by two major 
reasons. One arises from the poor internal quantum efficiency. High-density dislocations 
(>109/cm2) are produced in high Al component AlGaN materials prepared by heteroepitaxy due to 
the lattice mismatch, which act as nonradiative recombination centers in the AlGaN-based 
optoelectronic devices, thus inhibiting their IQE. The other is the low carrier injection efficiency 
(CIE) caused by the low hole concentration in p-type AlGaN, which directly degrades the hole-
related transport property. Moreover, reports of UV surface-emitting lasers have consisted of 
hybrid epitaxial dielectric, and dual dielectric DBR designs and from device fabrication point of 
view, fabricating highly reflective mirrors are challenging.  
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Two-dimensional AlGaN nanowire photonic crystal is proposed for surface-emitting lasers 
operation in the UV-B band. Figure 8.1a shows photonic band structure of a bottom-up AlGaN 
nanowire photonic crystal structure with triangular lattice, which is calculated using plane-wave 
expansion method. The information on the refractive indices of the AlGaN nanowires was obtained 
from AlGaN epilayer with identically Al composition which is measured independently by 
spectroscopic ellipsometer. The designed photonic crystal pattern has lattice constant of 180 nm 
and hexagonal nanowire diameter of d=150 nm. This photonic crystal structural parameters are 
chosen, such that the emission band of the optical gain material, coincides with the bandedge mode 
at Γ1 point of ~0.57, which features vertical emission and is suitable for surface-emitting operation. 
The corresponding lasing wavelength is 315 nm which is in the UV-B band. Figure 8.1b shows 
the TM field intensity profiles of the Γ1 point bandedge mode. The feedback mechanisms can be 
explained as k+(k-2Gi)=0, which corresponds to the second order distributed feedback mode in 
the M direction. Under this condition six waves are coupled to form a Block wave. But a pair of 
counter-propagating waves realizes the major feedback, as indicated the black arrows in Figure 
8.1b. 
 
 
 
 
 
 
 
Figure 8.1. (a) Photonic band structure of a two-dimensional triangular nanowire photonic crystal. The lattice constant 
is 180 nm and the diameter of hexagonal nanowire is 150 nm. (b) Calculated TM field intensity profile of Γ1 point 
  92
bandedge mode. The two black arrows indicate counter-propagation waves as the main distributed feedback 
mechanism. 
In Chapter 2, we have discussed the SAE of GaN nanocrystals. On top of the GaN 
nanocrystals, we will further grow AlGaN nanocrystals and study the effects of substrate 
temperature, nitrogen flow rate and Al/Ga flux on the emission wavelength. The optimal Al 
composition in AlGaN will be tuned to target the emission wavelength that coincide with Γ1 
bandedge mode. Then, detailed PL measurements will be performed on the as-grown AlGaN 
nanocrystals array with 266 nm laser as an optical excitation. The emission will be spectrally 
measured through a high-resolution spectrometer. A full p-i-n device structure will be grown with 
higher Al composition in the p-type and n-type region, which helps improve carrier confinement 
in the active region. The schematic of the nanocrystals array is as shown in Figure 8.2.  
 
 
 
 
 
 
 
 
Figure 8.2. Schematic illustration of AlGaN/GaN p-i-n heterostructure arranged in triangular lattice for surface-
emitting laser operating in UV-B band. 
 
The proposed device structure is as illustrated in Figure 8.3. The fabrication process will 
start with Chlorine-based RIE etching into the n-type GaN substrate followed by n-type 
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metallization consists of 5 nm Ti and 5 nm Au. 300 nm thick SiOx layer will be deposited by 
plasma-enhanced chemical vapor deposition for surface passivation and electrical isolation. 
Photolithography and wet chemical etching will be performed to defines the size of actual device. 
Then, 5 nm Ni and 5 nm Au will be deposited by e-beam evaporation at 45° or larger incidence 
angle to form contact layer on top of the nanowires, which also prevents the metal from reaching 
the region below p-type region which typically causes shortage. Subsequently, a thin indium tin 
oxide layer (~100 nm) will be deposited by sputtering to further improve current spreading. The 
p-metal will be annealed at 400 ̊C for one minute under nitrogen ambient. Finally, a thick metal 
pad consists of 280 nm Ti and 20 nm Au surrounding the current injection window will be 
deposited by sputtering.  
 
 
 
 
 
 
 
 
Figure 8.3. Schematic of the proposed UV surface-emitting LD structure. 
8.2.2 Narrow-Band UV Single-Photon Emission Through GaN Monolayer in Selectively 
Grown Nanowires 
Single photon sources are crucial system components used in various quantum information 
processing applications such as quantum key distribution, linear optical quantum computing and 
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quantum memories.[247] Recently, semiconductor quantum dots/disks have attracted considerable 
attention due to their outstanding potential for high-speed and integrated all-solid-state single 
photon sources. In particular, wide bandgap III-nitride quantum dots/disks offer significant 
advantages because both n-type and p-type doping are feasible, which enables the possibility of  
electrically-driven single photon source operated under high-temperature with wavelengths 
ranging from the UV to the infrared.[248] However, so far, both an in-depth understanding and a 
precise control over the optoelectronic properties of III-nitride quantum dots/disks have not been 
demonstrated. III-nitride quantum dots, such as InGaN/GaN quantum dots, synthesized through 
Stranski-Krastanow (S-K) growth mode, have a typical density range of 108-1011 cm-2 and average 
height of 3-6 nm (Figure 8.4).[249] It is worth noticing that the In composition fluctuation often 
happens along with size variation of quantum dots. Similar issues have also been observed in 
quantum disks embedded in spontaneously grown III-nitride nanowires. These variations result in 
a considerable level of inhomogeneous broadening of the emission line widths, thus hindering both 
device development and fundamental studies. The variations in the diameter of the nanowires 
within the array as a result of lack of control on nanowire diameters. This dispersion in nanowire 
diameter effectively affect the lateral confinement of the embedded GaN monolayer, leading to a 
broadening in measured PL and EL emission. 
 
 
 
 
 
 
Figure 8.4. Atomic force micrograph of InGaN/GaN quantum dot layer grown by molecular beam epitaxy.[249]  
  95
In this regard, we propose exploiting selective area grown N-polar nanowires with 
embedded GaN monolayer to realize narrow-band UV single-photon emission. There are mainly 
two advantages. First of all, SAE provide good control of the nonuniformity of nanowire 
morphology which can significantly reduce the thickness variations of GaN monolayer among the 
nanowires. Meanwhile, by adopting N-polarity, the GaN monolayer can be synthesized on the c-
plane on top of the nanowire, avoiding the discontinuity issue when grown on semi-polar planes.  
The optical properties of the samples will be investigated by micro-PL with a pulsed 193 
nm excimer laser as an excitation source to identify the optimal growth condition that ensures 
narrow-band single photon emission. Low-temperature micro-PL measurements will also be 
performed in a liquid helium flow cryostat. The optimized growth condition will be adopted in 
electrically-driven devices wherein Si doping and Mg doping will be introduced in the electron 
and hole injection regions, respectively. EL emission will be collected by a UV-transparent optical 
fiber. Photon autocorrelation measurements will be performed using a Hanbury-Brown Twiss 
Setup comprised of photomultiplier tubes designed for operation in the UV.  
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Appendix A 
Supporting Information for Chapter 3 
Section 1. Theoretical computational details 
To calculate the defect formation energy in AlN, first-principles density functional theory 
calculations were performed with the projector-augmented wave method [250,251] as 
implemented in the Vienna ab initio Simulation Package (VASP).[252] PBE pseudopotentials 
(PAW_PBE Al_GW and N_GW_new) [253] were used for Al and N, with a plane-wave cutoff 
energy of 500 eV to converge the total energy to 1 meV/atom. The HSE06 hybrid density 
functional [254] with a mixing parameter of 0.33 was employed to obtain a band gap of 6.2 eV for 
AlN, in close agreement with the experiment.[255] Defect calculations were performed for AlN 
using 96-atom orthorhombic supercells [256] with a 2×2×2 Γ-centered Brillouin-zone-sampling 
grid. All structures were relaxed by allowing atoms to move until the force on ions is less than 
0.02 eV/Å, with spin-polarization included for unpaired electrons. The defect formation energies 
were calculated by the following equation: 
𝐸௙(𝑋௤) = 𝐸௧(𝑋௤) − 𝐸௧(𝐴𝑙𝑁) + ∑ 𝑛௜𝜇௜௜ + 𝑞(𝐸ி + 𝐸௏஻ெ) + 𝐸௖௢௥௥.                     (A-1) 
𝐸௧(𝑋௤) denotes the total energy of the supercell with a defect X in charge state 𝑞 and 
𝐸௧(𝐴𝑙𝑁) is the total energy of the perfect supercell. 𝑛௜ is the number of atoms that the supercell 
exchanges with the chemical reservoir and 𝜇௜ is the chemical potentials.  𝐸ி is the fermi energy 
referenced to the valence band maximum of the AlN. 𝐸௖௢௥௥  accounts for the correction to the 
artificial interaction between charged defect and its image charge. Here, we adopt the approach of 
Freysoldt et al. to evaluate the correction.[257] We assume Mg-rich conditions and 𝜇ெ௚  is 
bounded by the formation of secondary Mg3N2 compound. Our results on defect formation 
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energies and charge-transition levels in AlN are in good agreement with previous theoretical 
calculations.[92,258] 
Section 2. Detailed epitaxy conditions of AlN nanowires on Si substrate 
All samples were grown on n-type Si(111) wafer using a Veeco GEN II MBE system 
equipped with a radio frequency plasma-assisted nitrogen source. AlN(0001) thin films grown 
under slightly N- and Al-rich conditions at a lower temperature (680 ºC) was used to calibrate the 
Al and N fluxes in AlN-equivalent growth rate units (nm/min). All samples were grown under 
∅Al=0.87 nm/min. N2 flow rate of 1 sccm corresponds to 12 nm/min AlN growth rate. Prior to 
loading into the MBE system, the Si wafer was cleaned using standard solvents and dipped in 
buffered hydrofluoric acid solution to etch the surface oxide. We performed a series of two step 
experiments. The first step is identical for all samples and consists of the growth of a GaN nanowire 
template with ∅Ga=0.87 nm/min. As shown in Figure A1, the NW template consists of ~100 nm 
high and well separated nanowires with an areal density of 2×1010 cm-2 and an average diameter 
of 50 nm. During the second step, ~150 nm long AlN nanowires were grown at different N2 flow 
rates, substrate temperatures and Mg BEPs. 
 
 
 
 
 
 
Figure A1. Bird’s-eye view (a) and side view (b) secondary electron SEM imaging of GaN nanowire template for 
subsequent AlN nanowire epitaxy.  
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Section 3. STEM images of as-grown AlN nanowire p-i-n structure 
 
 
 
 
 
Figure A2. Microstructures of AlN nanowires: (a) Low-magnification STEM-HAADF image showing several 
GaN/AlN nanowires; (b) Magnified STEM-HAADF image shows that the top end of the nanowire outlined in (a) has 
a thin AlGaN as contact layer; (c) High-resolution STEM-HAADF image taken from the outlined i-AlN active region 
in (b) showing crystal structure free from dislocations and SFs.   
Section 4.  Configuration-coordinate diagram illustrating optical processes related to Mg 
dopant and Al vacancy in AlN 
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Figure A3. Configuration-coordinate diagram illustrating optical processes related to Mg dopant and Al vacancy in 
AlN. (a) Recombination of an electron at the CBM with 𝑉஺௟ଵା  to form 𝑉஺௟଴  leads to an emission peak at 4.56 eV, 
explaining origin of I3. (b) Recombination of an electron at the CBM with 𝑀𝑔஺௟ଵା to form 𝑀𝑔஺௟଴  leads to an emission 
peak at 5.44 eV, explaining origin of I2. 
Section 5. Non-normalized PL spectra and intensity ratio of I2 to I3 versus the N2 flow rate 
 
 
 
 
 
 
 
 
Figure A4. (a) Non-normalized PL spectra of samples from Group B. All samples were grown at substrate temperature 
of 810 °C and Mg BEP of 3×10-9 Torr while the nitrogen flow rate was varied among different samples. (b) Intensity 
ratio of I2 to I3 versus the N2 flow rate derived from Figure 2c. 
Section 6. Eurofins EAG Materials Science Secondary ion mass spectrometry (SIMS) depth 
profile of Mg-doped AlN nanowires grown on Si substrate 
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Figure A5. SIMS depth profile of Mg-doped AlN nanowires grown on Si substrate at 865 °C substrate temperature, 
1 sccm N2 flow rate and 7×10-9 Torr Mg BEP. A fill factor of 30% for the nanowires was used to derive the average 
Mg concentration.  
Section 7. PL spectrum and Gaussian profile analysis of Mg-doped AlN nanowires 
 
 
 
 
 
 
 
Figure A6. PL spectrum and Gaussian profile analysis of Mg-doped AlN nanowires measured under 0.78 W/cm2 
excitation powers. The sample was grown under a substrate temperature of 865 ºC, N2 flow rate of 1 sccm and Mg 
BEP of 7×10-9 Torr. 
Section 8. Epitaxy and fabrication of AlN nanowire-based LED 
Si-doped GaN nanowires (~100 nm) were grown at substrate temperature of 780 ºC. Si-
doped AlN nanowires (~110 nm) were grown at a substrate temperature of 875 ºC. Then 
unintentionally doped AlN nanowires of ~40 nm were grown at the same substrate temperature of 
875 ºC. The growth was performed under N-rich conditions with the N2 flow rate of 0.33 sccm 
during the active region growth. Subsequently, the substrate temperature was reduced to 810 ºC 
and the nitrogen flow rate increases to 0.5 sccm to grow a ~40 nm Mg-doped p-AlN layer and ~5 
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nm p-Al0.2Ga0.8N contact layer. p-Al0.2Ga0.8N contact layer and p-AlN layer were grown at same 
Mg BEPs. The schematic of the as-grown structure is shown in Figure A7a. The estimated Si 
concentration in n-AlN was ~1.5×1019/cm3 and Mg concentration in p-AlN ranges from 1×1019-
6×1019/cm3, depending on the Mg flux during the growth.  
The AlN p-i-n LEDs were fabricated using standard optical lithography and contact 
metallization techniques. Ti (80 nm)/Au (20 nm) was deposited on the backside of Si substrate to 
serve as the n-metal contact. p-Metal contact consisting of Ni (10 nm)/Au (10 nm) was deposited 
using a tilting angle deposition technique, which also defines the device area in the range of 300 
µm × 300 µm to 1 mm × 1 mm. 
 
 
 
 
 
 
 
 
Figure A7. (a) Schematic of AlN nanowire based LED on Si(111) substrate. J1 points to the heterojunction between 
n-GaN and n-AlN. (b) Room-temperature EL spectrum measured under 30 mA current injection from as-fabricated 
AlN LEDs.  
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Section 9. Current-voltage characteristics of n-GaN/n-AlN unipolar heterojunction 
 
 
 
 
 
Figure A8. I-V characteristics of n-type doped unipolar GaN/AlN heterojunction. 80 nm Ti/20 nm Au was used for 
metal contact with the nanowires. 
Table A1: Minimum ideality factor and corresponding voltages of AlN nanowire LEDs with 
different Mg concentrations in the p-AlN layer.  
 Sample I Sample II Sample III 
Mg concentration (cm-3) 1×1019 2×1019 6×1019 
Minimum ideality factor 14.9 4.6 3.58 
Corresponding voltage (V) 3.6 2.4 2.4 
 
Section 10: Analysis of the charge carrier (hole) tunneling process 
The hole tunneling process was further explained by calculating the energy band diagram 
of the AlN p-i-n homojunction using two different Mg concentrations as shown in Figure A9. For 
Mg concentration of 1×1019/cm3, the calculated depletion width into the p-AlN region is ~27 nm. 
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Under equilibrium, despite the Fermi-level is flat throughout the p-i-n structure, the built-in 
potential in the p-AlN region causes the band structure as well as the impurity band to bend 
downwards, wherein the deep level energy states below the Femi-level will be filled by electrons. 
Under forward bias, these captured electrons can tunnel from one state to adjacent empty states in 
the valence band, contributing to the tunneling component in Eq. 1 and increasing the ideality 
factor. When 𝑁஺ increases to 6×1019/cm3, hole carrier concentration in the valence band increases 
due to higher Mg concentration and broadened Mg impurity band, leading to a significantly 
reduced depletion width into p-AlN of ~8 nm and a suppressed band bending of p-AlN as shown 
in Figure A9b. As the number of available electrons inside the impurity band reduces, the electron 
tunneling process is significantly suppressed. It’s worth noting that the deep-level assisted 
tunneling process will also be suppressed at higher measurement temperature as shown in Figure 
3.4c, wherein hole concentration increases due to a larger portion of ionized Mg-impurities. 
 
 
 
 
 
 
 
Figure A9. Schematic illustration of the energy band diagram of AlN nanowire p-i-n junction with Mg concentration 
of (a) 1×1019/cm3 and (b) 6×1019/cm3. Mg impurity band bending and deep level assisted electron tunneling process 
are also illustrate.
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